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foreword 


This is the third issue in this series of quarterly publications covering signifi- 
cant developments in the field of solid reactor core materials. Emphasis is on 
physical and mechanical properties, fabrication, radiation damage, metallurgy, 
and corrosion. Using the latest available literature, staff members have pre- 
pared correlated reviews on specialized topics, which were compiled into this 
issue. 

This publication is part of a broad program on the part of the Division of 
Information Services of the U. S. Atomic Energy Commission to make available 
the latest information on scientific and technological progress in the nuclear- 
reactor field. No attempt is made to cover each development completely. Rather, 
the intent is to provide a convenient condensed source of highlight information 
for readers who wish to keep abreast of developments in a general way, as well 
as for those who wish to learn where to find detailed accounts of work in particu- 
lar areas. For the benefit of the latter, the Review calls attention to recent 
survey papers, monographs, and bibliographies on the various topics discussed. 
Readers are urged to consult the original references wherever possible in 
order to obtain all the background of the work reported and to obtain the in- 
terpretation of the results given by the original authors. 

During the quarter covered by this Review, the Atomic Energy Commission 
published, in two volumes, the papers presented at the Fuel Elements Con- 
ference in Paris, France, November 1957. Since all these papers deal with 
topics in this Review, and because the papers summarize fuel-element tech- 
nology, a complete list of titles is presented as references 1 and 2 in the 
section on Fuel and Fertile Materials. 


R. W. DAYTON 
E. M. SIMONS 
Battelle Memorial Institute 
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Unalloyed Uranium 


An investigation by Du Pont* has shown that 
X-ray diffraction methods can be used to pre- 
dict the stability of natural uranium at low 
burn-up. An orientation parameter was de- 
veloped to express X-ray diffraction measure- 
ments of preferred orientation in natural ura- 
nium. A parameter, called “growth index,” 
formed a smooth curve when plotted against 
the irradiation behavior of as-rolled plate and 
beta-transformed hollow and solid slugs. The 
curve may be used to predict the dimensional 
change of natural uranium after irradiation to 
low burn-up. 

Irradiation experiments were performed at 
Savannah River on natural-uranium fuel tubes 
~3 in. in diameter with a core of natural ura- 
nium ~0.2 in. thick. The nominal thickness of 
zirconium cladding was 30 mils. Three tubes 
were irradiated to average exposures of 2960, 
4500, and 5250 Mwd/ton. The maximum ex- 
posure was 6550 Mwd/ton. The maximum change 
in diameter was an increase of <0.4 per cent. 
No change in length was observed within the 
accuracy of measurement which was +'/, in. 
No increase in warp or bow was evident. After 
irradiation, the tube that had been exposed to 
5250 Mwd/ton was heated above 400°C for 
2 hr. This treatment caused a further increase 
in diameter which ranged from 0 to 0.5 per 
cent, whereas no change in length was noted. 
The maximum diametral increase caused by 
irradiation and subsequent heating was 0.6 per 
cent. 

In the development of extended-surface fuel 
elements, Nuclear Metals, Inc.,‘ produced large- 
diameter uranium tubes clad inside and out 
with zirconium with integral zirconium end 
seals. Two types of tubing were produced: 
(1) tubes of ~2°% in. in outside diameter, 





in. in wall thickness, and 29 in. in length for 
Materials Testing Reactor (MTR) exposure and 
(2) tubes ~3 in. in outside diameter and ‘/, in. 
in wall thickness. These tubes were produced 
by coextrusion methods. The MTR tube was 
irradiated in a vertical position to a total 
exposure of 0.17 total at.% burn-up. The re- 
sults of this irradiation are presented in Ta- 
ble I-1. A long tube that had been irradiated 
to 0.2 at.% burn-up (1700 Mwd/ton) showed no 


Table I-1 EFFECT OF IRRADIATION ON A 
COEXTRUDED ZIRCALOY-C LAD 
URANIUM TUBE* 





Increase in dimensions 


Estimated 
100 Mwd/ton 1500 Mwd/ton precision 


Mils(+) % Mils(+) % Mils(+) %(+) 





O.D. 5 0.21 4 0.17 2 0.08 
LD. 8 0.44 1 0.005 2 0.11 
Length 42 0.16 9 0.03 10 0.04 
Bow No essential No essential 

change change 
Pimpling None None 





* Data from Nuclear Metals, Inc., Cambridge, Mass.‘ 


distortion or pimpling. So far only a few meas- 
urements have been made. However, the change 
in length of uranium core was <0.1 per cent. 
It is concluded that the 30-mil inner and outer 
zirconium cladding contributes appreciably to 
constraining the uranium during irradiation. 
Hanford’ studied the effects of irradiation on 
depleted (0.028 per cent U***) uranium. Beta 
heat-treated uranium suffered loss of ductility 
at extremely low burn-ups (0.00027 at.% or 
1.7 x 10'* nvt) in this material. The ultimate 
strength was increased slightly, and the yield 
strength was raised appreciably. These data 
are in qualitative agreement with the results of 





low exposures of natural-uranium specimens 
(10'* and 10'' nvt). Table I-2 presents the re- 
sults of this investigation. 

Results® of annealing irradiated uranium in- 
dicate that the hardness values combined with 
metallographic examination can be used to de- 
termine in which of certain temperature ranges 
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rate of damage accumulation is preceded by 
an incubation period of up to 50 cycles. Any 
structural weakness, such as porosity, reduces 
the incubation period and greatly accentuates 
the swelling rate. Alloys containing 2 wt.% 
molybdenum, as well as uranium carbide cer- 
mets containing upward of 3 wt.% carbon, show 


Table I-2 EFFECT OF IRRADIATION OF THE PROPERTIES OF 
DEPLETED (0.028 PER CENT U*™) URANIUM* 








Integrated Corresponding Ultimate Yield strength 
thermal burn-up, strength, (0.2% offset), Elongation Hardness, 
Sample flux, neutron/cm? at. % 1000 psi 1000 psi in 1 in., & Ra 

15 Control 105.3 51.3 7.0 61.521 
20 Control 105.9 52.4 6.5 
17 1.7 x 10" 0.00027 111.4 73.4 3.5 65.0 
16 1.7x 10" 0.00027 111.9 70.4 3.6 62—66 
19 3.2 = 10" 0.00052 113.0 84.3 2.6 
22 3.2 x 10" 0.00052 108.5 79.2 2.2 





* Data from Hanford Atomic Products Operation, Richland, Wash! 


the irradiation took place. These ranges are 
800°C or above, 700 to 800°C, 600 to 700°C, 
and 400 to 600°C. The tests were conducted on 
material of <0.1 at.% burn-up of U*"*, with the 
major portion having a burn-up of 0.097 at.%. 
Density determinations taken before and after 
gamma-phase annealing revealed a maximum 
decrease in density of 1.2 per cent. Attempts 
to produce voids in the uranium by postirradi- 
ation annealing into the gamma phase resulted 
only in the production of many cracks. Voids 
visible at 300 have been observed in uranium 
irradiated at gamma-phase temperatures. 
Tensile-test results indicate that the rate of 
heating and cooling above 600°C, when annealing 
in the beta- or gamma-phase temperature re- 
gion, has a decided effect on the degree of 
recovery of the uranium. Slower heating and 
cooling rates resulted in greater recovery of 
irradiation damage, as evidenced by increased 
ductility and decreased yield strength. A mono- 
graph?! on irradiation effects in uranium has 
been published recently. 

The British’ found that physical damage 
brought about by thermal cycling of uranium 
through its phase change is manifested mainly 
by growth, swelling, and surface roughening 
and cracking. Dimensional changes in uranium 
cycled through the alpha-beta-phase change are: 
growth ~3 x 107° per cycle, swelling ~5 x 107° 
per cycle (linear unit strain). This constant 


much enhanced stability to alpha-beta cycling. 
Theoretical considerations attribute dimen- 
sional instability on thermal cycling todifferent 
rates of stress relaxation in the alpha, beta, 
and gamma phases. 

The mechanism of growth of uranium on 
thermal cycling in the alpha range also has 
been studied by the British.’ The growth of 
wrought uranium arises from the differences 
in expansion in the axial direction of grains 
having two different preferred orientations after 
rolling, combined with a change in the mode of 
plastic deformation in the alpha temperature 
range. At the upper cycling temperatures the 
internal stress is relaxed by a thermally acti- 
vated process probably consisting mainly of 
slip within the grains on planes where slip does 
not occur at room temperature. The kinetics of 
the latter process have been analyzed and yield 
an activation energy of 65 + 10 kcal/g-atom, 
which is similar to that obtained from self- 
diffusion experiments. A much smaller amount 
of relaxation may occur by grain-boundary 
flow, but this has not been observed experi- 
mentally. The experiments described in this 
report provide sufficient information to give 
a quantitative account of the internal strains and 
external deformation during each stage in a 
typical cycle. The effects of changes in the 
heating and cooling rates can be predicted 
qualitatively. 
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Atomics International reviewed the data avail- 
able on the corrosion of uranium, thorium, and 
uranium alloys in sodium and organics in a 
recent publication.?* (M. S. Farkas) 


Alpha-Uranium Alloys 


The dimensional stability of uranium alloy 
powder compacts is being studied by Sylvania- 
Corning Nuclear Corp.’ The stability after 500 
thermal cycies through the alpha-to-beta trans- 
formation temperature of uranium was the basis 
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erties of several binary uranium alloys indi- 
cated that such elements as molybdenum, chro- 
mium, niobium, zirconium, and vanadium cause 
a significant increase in the yield and tensile 
strengths of uranium. Molybdenum is particu- 
larly effective in this respect. 


Irradiation of several cold-pressed and sin- 
tered uranium alloys to a burn-up of 0.05 to 
0.38 at.% at 75 to 150°C in the MTR indicated 
that fine-grain-sized material (<20}) was neces- 
sary to reduce surface roughening. Specimens 
containing 1.6 wt.% niobium appeared to be the 


Table I-3 EFFECT OF IRRADIATION ON THE CORROSION 
RESISTANCE OF TWO HIGH-URANIUM ALLOYS* 








mermen Preirradiation 
irradiation . Postirradiation corrosion 
ate temp., °C pigs eS naga rate, mg/(cm’*)(day) 
Burn-up, Irradiation . at 290°C, : : 
Alloy Heat-treatment at.% growth, % Center Surface mg/(cm*)(day) 100°C 260°C 
U-5 wt.% 1000°C W.Q.,t 0.3 4.9 300 220 45 0.072$in Cracked into 
Zr-1.5 290°C for 22.6 hr several 
wt.% Nb 3 days pieces in 
46.5 hr 
U-5wt.% 1000°C W.Q., 0.3 10.9 290 210 33 2.338 in Completely dis- 
Zr-1.5 290°C for 22.6 hr integrated in 
wt.% Nb 3 days 46.5 hr 
U-5 wt.% 1000°C W.Q., 0.16 0.3% Length 335 255 9.5 Completely dis- 
Zr-1.5 400°C for 0.9 Diameter integrated in 
wt.% Nb 2 hr 2.33 days 
U-3 wt.% 800°C W.Q., 0.17 7.5 Length 230 180 31.4 Completely dis- 
Nb—0.5 350°C for 3.2 Diameter integrated in 
wt.% Sn 6 hr 2.9 days 
U-3 wt.% 800°C W.Q., 0.53 8.8 Length 410 310 28.3 Completely dis- 
Nb—0.5 350°C for 1.9 Diameter integrated in 
wt.% Sn 6 hr 2.9 days 





* Data by Greenberg and Draley.” 

t W.Q. = Water quench. 

t No change in appearance. 

§ Small piece flaked off; no loose oxide. 
TIrradiated under restraint. 


used for comparison of alloys. These tests in- 
dicated the superiority of cold-pressed and 
sintered alloys, as compared to hot-pressed 
and sintered alloys of the same composition. 
The most stable alloys tested by alpha-to- 
beta thermal cycling were those containing 
4 to 11 wt.% molybdenum and 4.6 to 14 wt.% 
niobium. A 2 wt.% molybdenum plus 0.5 wt.% 
zirconium alloy also displayed excellent sta- 
bility. Other promising systems included 
uranium-molybdenum-niobium, uranium- 
molybdenum-vanadium, uranium-molybdenum- 
carbon, uranium-niobium-vanadium, and 
iranium-chromium. Tests of mechanical prop- 


most satisfactory of those tested from the point 
of view of surface texture and growth. Uranium — 
1 to 2 wt.% molybdenum alloys were somewhat 
less stable, and alloys containing 0.42 wt.% 
silicon were completely unsatisfactory. Only 
alloys with the above-mentioned small additions 
were irradiated. 

In Table I-3 are presented the observations 
of Greenberg and Draley'® on the effect of 
~0.1 at.% burn-up on the corrosion resistance 
of the alloys uranium-5 wt.% zirconium-1.5 
wt.% niobium and uranium-3 wt.% niobium - 
0.5 wt.% tin. In addition a Zircaloy-clad 
uranium-2 wt.% zirconium alloy was studied 


because of its dimensional stability under nu- 
clear radiation, even though it has poor aqueous 
corrosion resistance at temperatures as low 
as 100°C. Samples of this alloy were coextruded 
with Zircaloy-2 and diffusion-treated at 1050 + 
5°C for 2 hr and air-cooled. To test the effi- 
ciency of the diffusion-produced barrier layer, 
a 0.005-in. hole was drilled through the clad- 
ding just barely to the core. Unirradiated 
samples defected both before and after heat- 
treatment showed no change after 21.8 days at 


290°C followed by 31.7 days at 350°C. Metal- 
lographic examination showed no core corrosion. 
After ~0.1 at.% burn-up, a specimen defected 
before heat-treatment was corrosion-tested for 
2.5 days at 290°C andthenfor 9.0days at 315°C. 
A specimen defected after heat-treatment was 
tested for 2.6 days at 290°C and then 9.2 days 
between 315 and 338°C. At the end of the test 
periods there were no apparent changes in either 
sample. It was concluded that the diffusion 
treatment produces a protective barrier on the 
uranium —2 wt.% zirconium alloy under the con- 
ditions of the test and that this protection is 
unaffected by 0.1 wt.% burn-up. This protective 
barrier is limited to very small defects since 
experimental data show that 0.016-in.-diameter 
holes result in samples of widely varying life- 
times. 


Irradiation studies on the following uranium- 
fissium alloys were carried out by Argonne:'' 
uranium-—2.5, 3.17, and 5 wt.% fissium, 
uranium —5 wt.% fissium —2.5 wt.% molybdenum, 
and uranium-5 wt.% fissium-—7.5 wt.% molyb- 
denum. Exposures of up to 0.75 per cent burn-up 
at temperatures well over 600°C were tried on 
alloys in different heat-treatment conditions. 


The following conclusions were reached: 


1. 2.5 wt.% molybdenum and 5.0 wt.% fissium 
are effective in restraining length and volume 
increases. 

2. No length or volume increases were ex- 
cessive except on water-quenched specimens. 

3. The 5 wt.% fissium alloy appears to be 
more stable than the 3.17 wt.% fissium alloy. 

4. Adding molybdenum over and above the 
5 wt.% fissium composition appears to be bene- 
ficial. 

5. Water quenching is detrimental to both cast 
and wrought shapes. 


A comprehensive review'! of the grain refine- 
ment of uranium by heat-treatment and alloying 
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was presented at the Paris Fuel Elements Con 
ference. (M. S. Farkas 


Gamma -phase Alloys 


Studies of intergranular corrosion in the 
ternary 10.6 wt.% niobium-4 wt.% zirconium 
alloy are continuing. Homogenization of the alloy 
by a 24-hr heat-treatment at 1000°C satis- 
factorily reduces coring in the alloy but leads 
to poor corrosion resistance in 680°F water. 
Increased grain-boundary thickness resulting 
from the heat-treatment is believed to contri- 
bute to intergranular attack in the alloy. Speci- 
mens tested without heat-treatment exhibit bet- 
ter corrosion resistance than heat-treated 
specimens, but results are erratic due to in- 
homogeneity. An indication that the grain bound- 
ary is low in niobium has been obtained by 
Battelle. 


Oxidation tests have been performed by Bettis, 
which resulted in intergranular failure of the 
ternary alloy. The indications are that oxida- 
tion testing can be used to predict corrosion 
behavior qualitatively. 


A summary of the characteristics of gamma- 
phase uranium-niobium alloys was presented 
at the Paris Conference.'? Processing methods, 
including melting, fabrication, brazing, cladding, 
and welding techniques for the preparation of 
fuel elements, and the relations between alloy 
characteristics and processing methods are 
discussed. 


Uranium-Molybdenum Alloys 


Results of corrosion studies of uranium- 
molybdenum alloys are reported by Bettis.’ 
Alloys which showed good corrosion resistance 
in high-temperature water when tested bare 
were selected for test; these were clad with 
Zircaloy-2 by coextrusion. Data are reported 
for uranium-9, 10.5, 12, and 13.5 wt.% molyb- 
denum alloys. Considerable variation in 650°F 
water corrosion life was exhibited by the 9, 
10.5, and 12 wt.% molybdenum samples, life- 
times of 76 to 199 days, 56 to 176 days, and 
49 to 268 days, respectively, being observed. 
The 13.5 wt.% molybdenum samples showed less 
scatter, failing in 273 to 342 days. Failure 
times were correspondingly shorter at 680 and 
750°F, with variability being retained. 
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' center porosity. By combining duplex melting 


Three major types of failure were observed 


to occur in 
ments: 


1. Pimpling of the cladding at the defect site 
as a result of localized build-up of oxide at the 
base of the defect. This type of failure usually 
occurs at high temperatures, in 680°F water or 
750°F steam, and is associated with relatively 
high corrosion rates of the fuel at these tem- 
peratures but usually with a long corrosion life. 

2. Discontinuous cracking of the core alloy, 
with subsequent rapid corrosion of the fuel and 
rupture of the cladding. This type of failure is 
associated with the production of nascent hydro- 
gen during corrosion of the exposed fuel, ab- 
sorption of hydrogen by the core alloy, and the 
precipitation of hydride in the core alloy. 
Zircaloy-2 acts as a getter of the hydrogen, and, 
consequently, clad samples exhibit longer lives 
than bare samples failing in this manner, al- 
though a good cladding-to-core bond is required. 

3. Formation of corrodible core-cladding in- 
terdiffusion layers. Such layers are not ob- 
served directly after extrusion. However, if the 
extruded fuel element is subjected to high- 
temperature heat-treatment, they will form and 
lead to rapid failure. 


intentionally defected fuel ele- 


Formation of corrodible interdiffusion layers 


_ accompanied homogenization heat-treatments 
_of the cast and extruded core alloys. Inhomo- 
| geneity in extruded rods was characterized by 
| longitudinal stringers which were found to re- 


sult in early failures of unclad samples by fi- 
brous splitting. Homogenization heat-treatments 
at temperatures of 900 to 1000°C after ex- 
trusion increased corrosion life of bare speci- 
mens. Metallic barriers to eliminate core- 
cladding interdiffusion were investigated, with 
some promise for molybdenum and niobium 
barriers vs. a uranium-10.5 wt.% molybdenum 
core alloy being indicated. 

Homogenization heat-treatments of the alloy 


casting prior to extrusion were studied as a 


means of eliminating the need for postextrusion 
heat-treatment. Bare samples with and without 
homogenization treatment exhibited the same 
corrosion rates, but longitudinal splitting, char- 
acteristic of samples containing stringer type 
alloy segregation, was largely eliminated. Du- 


_ plex melting, or consumable-electrode remelt- 
_ ing of induction-melted material, was found to 


decrease alloy segregation and also to eliminate 
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with homogenization before extrusion, a good 
quality core alloy was consistently achieved. 

Cold-working after extrusion was found to de- 
crease corrosion life of clad samples markedly, 
whereas corrosion life of bare samples was 
little affected. Clad samples which received 
cold reductions of over 40 per cent failed within 
14 days in 650°F water by rapid attack at the 
core-cladding interface. Lower amounts of cold 
work were not sodisastrous. Decreased thermal 
stability of gamma phase accompanying cold- 
working is believed to be responsible for the 
decreased corrosion life. A short-time low- 
temperature anneal of 5 to 10 min at 700°C 
appears to eliminate the deleterious effect of 
cold work without causing excessive interdiffu- 
sion zone growth. 

Results of irradiation of two uranium-—9 wt.% 
molybdenum samples at low temperature, 17 to 
-90°C, are reported.’ The resistivity of an 
initially alpha-transformed sample has shown 
a continuous increase with exposure, whereas a 
gamma-quenched sample, after an initial rapid 
increase in resistivity due to ordering, has 
shown no further change. 

A Paris conference paper’? gives a summary 
of gamma-phase uranium-molybdenum alloy 
characteristics. Processing methods, including 
melting, fabrication, brazing, cladding, and 
welding techniques for the preparation of fuel 
elements, are presented. The relation between 
alloy characteristics and processing methods 
is discussed. 


Temary Alloys 


Studies to develop gamma-phase uranium 
alloys of increased stability by ternary and 
quaternary alloying are reported by Battelle. ~"" 
Alloys containing zirconium, niobium, and mo- 
lybdenum and small additions of chromium, 
ruthenium, and vanadium are being investigated. 
Additions of niobium and ruthenium to a 7.5 
wt.% molybdenum alloy increase thermal sta- 
bility, whereas zirconium additions decrease 
stability. Additions of zirconium to 10 and 
20 wt.% niobium alloys increase thermal sta- 
bility, with a slight increase in stability being 
noted by a 1 wt.% molybdenum addition to the 
10 wt.% niobium alloy. Additions of 3 wt.% 
niobium or molybdenum to a 20 wt.% zirconium 
alloy or 5 wt.% of the same elements toa 
40 wt.% zirconium alloy also result in increased 
gamma stability. Bettis found that the gamma 


phase is thermodynamically stable to at least 
360°C in an alloy containing 15 wt.% zirconium 
and 15 wt.% niobium. 

Hot hardness’® of the majority of the alloys 
reported above decreases sharply above 500°C. 
However, uranium -20 wt.% niobium alloys show 
an appreciable retention in hot hardness at 
elevated temperatures, a 20 wt.% niobium- 
5 wt.% zirconium alloy exhibiting a hardness 
of 119 DPHN at 400°C. 

Corrosion data for gamma-quenched alloys 
tested for 504 hr in 500°F-water and for 168 hr 
in 680°F water are also reported by Battelle. >" 
Those additions which increase gamma stability 
also increase corrosion resistance. 

Corrosion rates for uranium-23 wt.% 
zirconium-5 and 6 wt.% niobium alloys were 
found at Battelle to be 0.11 and 0.057 mg/(cm’) 
(hr), respectively, after 3360 hr in 360°C water. 
The alloys were gamma-quenched and aged at 
500°C for 24 hr. The second alloy (6 wt.% 
niobium), when furnace-cooled, exhibited acor- 
rosion rate of 0.19 mg/(cm’)(hr). An air-cooled 
uranium-27 wt.% zirconium-1.9 wt.% niobium 
alloy is corroding at a rate of 0.1 mg/(cm’)(hr) 
after 2016 hr, and a clad specimen, similarly 
treated, has a *,-in.-diameter pimple at an 
intentional defect after the same period of time. 

(A. A. Bauer) 


Epsilon-phase Alloys 


Uranium-Zirconium Alloys 


A summary of the characteristics of alloys 
containing 45 to 80 wt.% zirconium has been 
published.'4 The relation between alloy char- 
acteristics and processing methods, which in- 
clude melting, fabrication, brazing, cladding, 
and welding techniques for the preparation of 
fuel elements, is discussed. 

The thermal-cycling behavior of Zircaloy-2- 
clad uranium-50 wt.% zirconium alloys has 
been studied at Bettis. Cycling above or below 
the transformation temperature of this allcy 
causes an increase in thickness and a decrease 
in width. The effect is more pronounced for 
cycling from 500 to 700°C than for cycling from 
560 to 630°C. Changes are more pronounced for 
clad than bare fuel inserts; bond strength re- 
mains essentially unchanged after cycling. 

The structure of the epsilon phase is re- 
ported by Boyko'® to be primitive hexagonal 
with a = 5.03 A, c = 3.08 A, and with a nominal 
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UZr, composition. The structure appears par 
tially ordered with zirconium atoms in the 0 
0, 0 position and uranium and zirconium atom: 
randomly mixed in the 2/3, 1/3, 1/2 and 1/3 
2/3, 1/2 positions. The space group is given 
as C6/mmm with a C32-A1B, type structure. 
These results are in agreement with the work 
of Silcock (British) reported at an earlier date. 


Uranium-Silicon Alloys 


The characteristics of the epsilon-phase 
uranium-3.8 wt.% silicon alloy have been pub- 
lished.'7 Processing methods, including nielt- 
ing, fabrication, brazing, cladding, and welding 
techniques for the preparation of fuel elements, 
are presented, and the relation between proc- 
essing methods and alloy characteristics is 
discussed. 

As discussed in a Bettis report, '? the uranium — 
3.8 wt.% silicon alloy showed promise of ex- 
cellent corrosion resistance in the bare condi- 
tion but behaved very poorly in the clad condition. 
Failure of samples clad with Zircaloy-2 by 
coextrusion occurred within 14 days in 650°F 
water by corrosion attack at the core-cladding 
interface. Formation of corrodible core- 
cladding interdiffusion layers occurs during co- 
extrusion. This leads to very rapid failure since 
the entire surface area of the core alloy is 
rapidly exposed to the high-temperature water 
and subsequent build-up of surface oxide rup- 
tures the cladding. 

Isserow reports’® studies of the uranium- 
silicon epsilon phase. Evidence is presented 
that corrosion resistance is dependent on the 
absence of phases other than epsilon and that 
the desired epsilon phase has a content of 3.9 to 
4.0 wt.% silicon. This range is slightly higher 
than the stoichiometric content of U,;Si which 
is reported at other sites. Optimum tempera- 
ture range for the formation of epsilon from 
U;Si, and uranium is given as 785 to 825°C. 

Values of 100,000 psi ultimate strength and 
60,000 psi for proportional limit of an extruded 
and machined rod are given. After annealing, 
values were ~60 per cent of these, total elonga- 
tion was ~1 per cent, and the elastic modulus 
was 22.5 x 10° psi. Coefficients of linear ex- 
pansion between room temperature and 300, 
600, and 900°C for epsilon are given as 12, 
14, and 16 x 10°* per degree centigrade, re- 
spectively. The linear expansion on de-epsiloni- 
zation is ~1.7 per cent. 
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Extrusion constants developed during the 
course of the Nuclear Metals work discussed 
by Isserow'® were 45,000 psi at 1500 or 1560°F; 
55,000 psi at 1400 or 1450°F; in excess of 
70,000 psi at 1350°F. The constant, K, appears 
in the extrusion equation P = K In R, where P 
is the pressure, determined from the force 
over the initial area, and R is the ratio of the 
initial to the final cross sectional area. 

(A. A. Bauer) 


Dilute Uranium Alloys 


Aluminum-Uranium Alloys 


Several laboratories are studying the effect 
of ternary-alloy additions on fabricability and 
properties of aluminum-uranium alloys contain- 
ing uranium in amounts of 25 wt.% or above. 
Oak Ridge”® has found that 3 wt.% silicon will 
suppress the formation of UAl,. This results 
in an increase of 18 per cent in the volume of 
ductile matrix in the 48 wt.% uranium alloy. The 
silicon addition caused a completely equiaxed- 
grain cast structure in a slab mold, eliminated 
hot tearing, reduced edge cracking by a factor 
of 2, and increased casting-to-core yields. The 
major disadvantage is that silicon causes un- 


_ desirable precipitates to form at one stage in 
_ the chemical reprocessing. Zirconium, tin, ti- 
_ tanium, and germanium will also suppress UA], 
_ formation. Nuclear Metals*' has initiated a 


program concerned with the development of a 


' fabricable 48 wt.% uranium alloy. On the premise 
_ that cracking is caused by large amounts of 
_ large-sized particles of compounds, an attempt 


will be made to control particle size by con- 


_ trolling nucleation sites. Effort will also be made 


to strengthen the matrix. 

Nuclear Metals”’ also reports an interesting 
method of producing ingots of a 15 wt.% ura- 
nium alloy which is suitable for reducing to thin 
foil. A casting is made by regular air-melting 


_ techniques and then reduced to chip. These 


chips are blended, cold-compacted, canned, hot- 


_ compacted, hot-extruded, and cold-rolled. The 


resulting product is reported tobe exceptionally 
homogeneous. It is planned to attempt this tech- 
nique with higher uranium alloys. Since addi- 
tions of burnable poison would reduce unde- 


_ sirable neutron-flux perturbations, especially 
_ those caused by fuel burn-up, attempts are being 
_ made to add boron” to aluminum-uranium alloys. 
_ Additions made directly to a melt were un- 
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successful. However, the use of a boron master 
alloy may be a possible technique. The alloy 
used was the nickel-boron eutectic (13 wt.% 
boron). Chemical and metallographic analyses 
are in progress. 

Savannah River Laboratory has completed 
a study of the properties of alloys containing 
between 16 and 45 wt.% uranium. In cast struc- 
tures an increase in uranium from 16 to 42 
wt.% increases the Rockwell H hardness from 
57 to 92, increases the yield strength from 
8,400 to 12,000 psi, increases the tensile strength 
from 13,000 to 19,600 psi, and decreases the 
elongation from 4 to 1 per cent. Hot-working the 
cast structures increases ductility, hardness, 
and strength for a given composition (probably 
breaks up the large UAI, particles resulting 
from casting). The elongation of the hot-worked 
material decreases from 17 to 1.5 per cent 
as uranium is increased from 16 to 35 wt.% 
and then remains constant at 1.5 per cent. 
The yield strength increases from ~12,000 to 
~21,000 psi as the uranium is increased from 
16 to 35 wt.%. Cold-working after hot-working 
has very little effect on properties of the alloys 
studied. 

An 18-plate element containing aluminum - 
48 wt.% uranium (20 per cent enriched) was 
irradiated by workers at Oak Ridge’® in the 
MTR for about two cycles to a burn-up of 
25 per cent of the U*** atoms (~0.4 per cent of 
total core atoms). No irradiation damage was 
observed. The individual plates showed a maxi- 
mum spread of ~4 wt.% in uranium concentra- 
tion; however, with 20 per cent enrichment 
this homogeneity is satisfactory. In order that 
an alloy of this composition can be hot-rolled, 
it must be clad in an aluminum picture frame. 
Aluminum-clad 6061 aluminum appears to be 
the best material for this purpose. Oak Ridge 
used a recycle type air-melting operation in 
which the melt was recycled as many as five 
times in graphite crucibles. This improved gas 
porosity but did not affect homogeneity. 

In the preparation of relatively thin-walled 
extrusion billets, Battelle’"*® has been able to 
produce aluminum — 45 wt.% uranium alloys with 
a uranium spread of <2 wt.%. Other studies 
showed that corrosion behavior of the higher 
uranium alloys in 300°F water was comparable 
to that of the 16 wt.% uranium alloys and that 
no diffusion was noted by metallography between 
the alloys and 2S aluminum after 30 days at 
750°F. It was also noted that hardness is almost 
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independent of composition above 750°F. Tests 
indicated that the alloys prepared would be 
extrudable. 

The 45 wt.% uranium alloys prepared for 
these studies were induction-melted under vac- 
uum in zirconia crucibles by a single-melt 
technique. Material castfrom zirconiacrucibles 
has less porosity than that cast from graphite 
crucibles. 


Ruthenium-Uranium 
and Rhodium-Uranium Alloys 


Studies in progress at the National Bureau of 
Standards indicate that the solubility of uranium 
in ruthenium is in the neighborhood of 2 at.% 
at 1500°C. The liquidus of the system 70 to 
100 at.% ruthenium apparently rises in a slight 
curve from ~2000°C at 75 at.% ruthenium to 
~2075°C at 80 at.% ruthenium and then to 
2500°C for pure ruthenium. 

A eutectic has been deter mined in the rhodium- 
uranium system at a composition of 24.2 at.% 
rhodium and 870°C. The liquidus line rises 
rather sharply between 50 to 60 at.% rhodium, 
with melting points over 1600°C. These results 
indicate possible contamination of the alloys. 


Zirconium-Uranium Alloys 


Wilson and Ziebold’’ report that zirconium- 
uranium alloys containing between 7 and 22 wt.% 
uranium exhibit excellent volume stability when 
irradiated at temperatures up to ~1000°F at 
burn-ups ranging from <1 to 4.5 per cent of 
total core atoms. Below this temperature, vol- 
ume swelling is only 2 to 6 per cent per at.% of 
alloy burned up. Above this temperature, swell- 
ing becomes more severe. Postirradiation heat- 
treatments given to material irradiated at 
nominally low temperatures indicate that mate- 
rial so treated swells about as much as if it 
were irradiated at the same temperature as 
was used for the heat-treatment. 

A series of alloys” containing 3, 6, and 14 
wt.% fully enriched uranium were irradiated 
at between 70 and 140°F to burn-ups of from 
0.03 to 3.3 per cent of total core atoms by 
Argonne National Laboratory (ANL). These ex- 
posures ranged from 0.69 x 10*° to 16.4 x 107° 
nvt thermal. The following conclusions were 
reached as a result of these tests: 

1. There was no significant positive change 
in length, width, or weight of any specimen 
tested. 


2. Hardness increased initially but then re- 
mained constant up to a cumulative exposure 
of 13.8 x 107° nvt. 

3. There was a definite increase in averag: 
thickness and corresponding decrease in density 
with increased burn-up of core atoms, although 
these effects were less severe with a higher 
ratio of cladding thickness to core thickness. 
At 1.5 at.% burn-up there was a definite sudden 
increase in density change and thickness change. 


Bettis'® reports that Zircaloy-2-base Pres- 
surized Water Reactor (PWR) seed alloys (con- 
taining 6 and 12 wt.% uranium) which had been 
irradiated to 1 at.% burn-up showed no density 
changes after being heated rapidly to tempera- 
tures higher than 700°C and quenched. Alloys 
containing 6, 8, 10, and 12 wt.% uranium, clad 
with Zircaloy-2, were heated for 200 hr at 
350 and 400°C after a burn-up of about 40 per 
cent of the contained U*** atoms. These post- 
irradiation treatments did not affect the density 
or the structure. 


Postirradiation annealing studies are being 
performed by Knolls Atomic Power Laboratory 
(KAPL) on alloys containing 7 wt.% uranium. 
These specimens have received burn-ups vary- 
ing between 0.4 and 1.4 per cent of total core 
atoms ana are being given postirradiation heat- 
treatments at 510, 550, and 620°C for a total of 
500 hr. Electrical resistivity measurements 
indicated an initial increase after the first 
annealing; this seemed to decrease during the 
next annealing period. However, this trend has 
now reversed, and the resistivity is increasing 
with annealing time. This same change in re- 
sistivity occurs with unirradiated specimens. 
The specimens being annealed at 620°C under- 
went a core volume increase of 40 per cent 
after 100 hr, but no further increase has been 
noted. Specimens heated to lower temperatures 
continue to swell roughly in proportion to burn-up 
and temperature. Since rate of swelling is 
associated with rate of diffusion, the difference 
in temperature might well result in different 
swelling rates. 


Specimens broken from 7 wt.% uranium alloy 
fuel which had been burned up to 1.6 per cent 
of total core atoms were subjected to corrosion 
in 680°F water and after 500 hr were com- 
pletely disintegrated. Other specimens that had 
received a burn-up of only about 1 per cent of 
total core atoms were tested in 530°F water 
and showed corrosion rates of 6 mg/(dm’)(hr). 
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The corrosion behavior of the material de- 
pleted by 1.6 at. %is difficult toexplain. Factors 
which may contribute are: 


1. Oxygen generation resulting from impure 
water conditions in a high gamma flux (the 
tests were performed in static water) 

2. Possibility of nucleate boiling through 
gamma heat and heat of chemical reaction 

3. Experimental difficulties in geometric 
evaluation of attack on small exposed fuel areas. 


One of 19 zirconium-22 wt.% uranium alloy 
specimens failed after a burn-up of 30 per 
cent of total core atoms. Failure of this one 
element has been attributed to the build-up of 
a heavy deposit of porous Mg(OH), on the high- 
flux end, which caused the estimated surface 
temperature to rise to over 800°F. This could 
result in “breakaway” corrosion of the cladding 
and allow for a corrosion breakthrough. 

Metallographic re-examination of a 6 wt.% 
uranium alloy containing 0.015 wt.% B"®, which 
was irradiated to a burn-up of 1.7 per cent of 
total core atoms, revealed the presence of 
voids and cracks. This has been attributed to 
the boron addition and may reduce the per- 
formance capability of distributed-poison ele- 
ments. 

Fuel alloys containing burnable poison have 
been produced by adding the boron as a master 
alloy in a triple arc-melting process at KAPL. 
The first two melts are performed by non- 
consumable-electrode arc melting, and the third 
melt is accomplished by consumable-electrode 
arc melting. These alloys were homogeneous and 
had good boron recovery. The boron did not seem 
to affect fabricability. Bettis’? has determined 
that the continued recycling of fuel scrap does 
not affect the chemical composition and prop- 
erties so much as might be expected. Their 
studies were performed on an alloy containing 
6.33 wt.% uranium. Comparisons were made 
between virgin material melted the normal 3 to 
5 times and scrap material which was melted 
as many as 15 times. The impurity content 
and properties were affected much more by 
original starting material than by continued 
remelting. 

A study of the zirconium-uranium-oxygen 
system performed at Battelle®® shows that the 
addition of 0.094 wt.% oxygen to a zirconium - 
7 wt.% uranium alloy accelerates the precipita- 
tion of alpha. Oxygen contents of 0.094 wt.% in 
10 and 15 wt.% uranium alloys produce a du- 
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plex microstructure of alpha and beta phases 
at 1000°C. The formation of epsilon is retarded 
by the presence of primary alpha. 

(R. F. Dickerson) 


Plutonium Alloys 


Plutonium Metal 


The structure of alpha plutonium, stable to 
about 110°C, is monoclinic.*' At 18°C the lattice 
parameters are a = 6.1835 + 0.0005 A, b= 
4.8244 + 0.0005 A, c = 10.973 +0.001 A, and B= 
101.80 + 0.02 deg. The structure has 16 atoms 
per unit cell in the space group P2,/m with all 
atoms in reflection places + (X, 1/4,Z). The 
structure corresponds to a density of 19.82 
g/cm*. A majority of the bonds appear to be 
metallic in nature, although short covalent bonds 
are also observed. The mean interatomic dis- 
tance of 3.20 A corresponds to a metallic radius 
of 1.58 A when correcied to a standard co- 
ordination number of 12. In this report the 
metallic radii and valence of 4f and 5f rare 
earths are discussed. 

In a study of the system thorium-plutonium,” 
the effective atomic radius of plutonium in 
alpha thorium was calculated to be 1.697 + 
0.0005 A. A plutonium radius of 1.707 A was 
also calculated by extrapolation of a plot of 
density of alpha thorium vs. plutonium compo- 
sition. Both values are considerably higher than 
the highest values reported in the literature 
for the atomic radius of plutonium.*':* 

Los Alamos reports the following data for 
the experimental X-ray mass-absorption co- 
efficients of plutonium:** ™ 


Experimental X-ray Mass-absorption Coefficients 


for Plutonium** ™ 
Coefficient, 
Radiation em?/g 
Ag Kg 83.5 + 0.7 
Ag Ka 73.8 + 0.7 
Mo Kj 83.6 + 0.2 
Mo Ka 49.6 + 0.1 
Cu Kg 521 + 36 
Cu Ka 634 + 58 
Cr Ka 1966 + 111 
Cr Ka 1943 + 170 
Co Kg 965 + 195 
Co Ka 1240 + 70 
Fe Kg 1225 + 56 
Fe Ka 1317 + 106 
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Plutonium Alloys 


The diagram reported by the United Kingdom 
for the system plutonium-iron® is not unlike 
that reported by the Russians* or that reported 
by Los Alamos at the ASM Symposium*’ in 
Chicago in 1957, although some additional de- 
tails are given. In brief the system is char- 
acterized by two compounds, Pu,Fe and PuFe,. 
A low-melting eutectic just above 400°C occurs 
between delta plutonium and Pu,Fe. At 428°C, 
Pu,Fe forms peritectically, whereas PuFe, 
melts congruently at about 1240°C. The limited 
solubility of iron in epsilon and delta plutonium 
is reported in detail. 

At Los Alamos“ additional data on the 
plutonium-lead system have been determined, 
confirming the presence of two compounds, 
probably PuPb,; and Pu,Pb as reported by 
Russia.** However, these new data indicate that 
Pu,Pb (nominal designation) perhaps forms bya 
peritectic reaction rather than congruently. 
Although the atmosphere was not defined, it was 
stated that both compounds were highly reactive 
and disintegrated in a matter of hours. 

A full report of United Kingdom research on 
the system plutonium-thorium is available.” 
The solubility of plutonium in alpha thorium is 
48.5 at.% at 615°C. At 32 at% thorium a com- 
pound forms which is orthorhombic with a = 
9.820 A, b = 8.164 A, and c = 6.681 A. It is 
reported to form peritectically at 615°C, al- 
though very recent data from Los Alamos” 
indicate that it forms peritectoidally. There is 
a eutectic at 7 at.% thorium between epsilon 
plutonium containing about 5 at.% thorium and 
the compound. Delta plutonium forms peritec- 
toidally at 500°C by reaction of epsilon and the 
compound. This peritectoid cannot be sup- 
pressed; rather, delta plutonium is obtained if 
specimens are quenched from above the reac- 
tion. The solubility of plutonium in delta plu- 
tonium is about 5 at.% at 500°C. 


Preparation of Plutonium and Plutonium Alloys 


At Los Alamos*® plutonium metal coatings 
have been made by electrophoretic deposition 
of plutonium hydride from suspensions of 
n-butyl alcohol and other organic liquids. Addi- 
tion of trace amounts of butyric acid prior to 
milling was necessary for deposition of plu- 
tonium hydride on nickel or tantalum electrodes 
with the application of 600 to 1000 volts to 
suspensions of the hydride in n-butyl alcohol. 


Vacuum drying at 450°C and heating at 525°C 
to decompose the hydride produced a smooth, 
hard, sintered, and adherent coating. 

At Hanford*®® studies are being made to de 
velop a semicontinuous process for production 
of plutonium-aluminum alloys. In the process 
periodic additions of aluminum and PuO, are 
made, and the 15 per cent aluminum-plutonium 
produced is withdrawn from agraphite container 
of cryolite at 1000°C. So far only a preliminary 
experiment, using thorium as a stand-in, has 
been reported. 

At Argonne*® research is in progress to make 
uranium-plutonium-fissium fuel pins by injec- 
tion casting. (The solidus temperature for 
uranium-20 wt.% plutonium-10 wt.% fissium 
is reported at 930°C.) In this research graphite 
crucibles were coated with magnesium zirconate 
wash, and the Vycor injection tubes were coated 
with an Aquadag wash, but both were attacked 
by molten uranium. Additions of about 30 vol.% 
thoria powder to both washes stopped the cor- 
rosion or reduced it considerably. 


Physical Characteristics of Plutonium Alloys 


A report from Argonne’? summarizes the 
fast-reactor-fuel development at that labora- 
tory, including uranium-plutonium and uranium- 
plutonium-fissium type alloys. These data have 
been largely reported in previous reviews, but 
this summary report may be useful to the reader 
who wishes to obtain a broader view. 

In a Hanford*-*® irradiation study on 
aluminum — 1.65 wt.% plutonium and aluminum - 
12 wt.% silicon-1.65 wt.% plutonium alloys, 
samples clad with Zircaloy-2 were subjected to 
two levels of irradiation producing burn-ups of 
about 25 and 50 per cent of the plutonium 
atoms. Visual examination after removal of 
the cladding indicated no dimensional instability 
and no microstructural changes. Hardnesses of 
the alloys before and after irradiation were as 
follows: 


Rockwell H hardness 


Before After 
irradiation irradiation 
1.65 wt.% plutonium 46 94 
12 wt.% silicon—1.65 86 102 


wt.% plutonium 


(F. A. Rough) 
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Thorium 


A comprehensive study of thorium-rich 
thorium-uranium alloys has been made by 
Atomics International.*! Tensile properties are 
reported for Ames thorium and iodide thorium 
alloys containing up to 7 wt.% uranium. Room- 
temperature data for Ames thorium-base alloys 
are in excellent agreement with those reported 
in the materials section of The Reactor Hand- 
book (USAEC Report AECD-3647). Tensile data 
for Ames thorium-base alloys at 500°C and for 
high-purity iodide thorium-base alloys atroom 
temperature are shown in the following tabu- 
lation. All alloys were annealed at 800°C for 
2 hr. 


D eontent Iodide Th base Ames Th base 
(bal. Th), alloys at 20°C alloys at 500°C 
wt.% Yield* Ult.* Yield* Ult.* 
0 15 22 8 11 
1 16 25 12 14 
3 23 32 14 17 
5 26 35 15 18 
7 27 37 16 18 
* Strength measurements in 1000 psi. 


Thermal conductivities calculated from elec- 
trical resistivity data for thorium-uranium 
alloys are as follows: 


Thermal conductivity, 


U content wm 
(bal. Th), cal/(sec)(cm)(*C) 
wt.% 50°C 400°C 600°C 800°C 
0 0.088 0.099 0.103 0.107 
10 0.087 0.097 0.101 0.105 
20 0.084 0.094 0.097 0.102 


A resistivity of 20 ,ohm-cm is reported for a 
thorium —0.26 wt.% uranium alloy at room tem- 
perature, and on heating through the transfor- 
mation at 1330°C, an increase in resistivity 
occurs. A lattice parameter of 5.0865 A was 
found for high-purity thorium at room tem- 
perature. Hardness and microstructural data 
for thorium-uranium alloys are included. 
Additional details on the constitution of 
thorium-rich thorium-uranium alloys are given. 
Solubilities of uranium in thorium are 3 wt.% at 
the 1070°C eutectic horizontal, 7 wt.% at the 
1260°C eutectoid horizontal, and ~12 wt.% at 
the 1350°C eutectic horizontal. Beta thorium 
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transforms to alpha thorium plus liquid by a 
eutectoid reaction at 1260°C and 10 wt.%ura- 
nium. 

In studies of thorium constitution diagrams 
reported by Ames,” it has been found that 
uranium is slightly more soluble in liquid 
magnesium-thorium solutions than in pure mag- 
nesium. For example, at 800°C, a thorium- 
55 wt.% magnesium solution will dissolve ~300 
ppm uranium as compared to ~230 ppm for pure 
magnesium. A thorium-50 wt.% yttrium alloy 
was found to be single phase in the as-cast 
condition, showing that this system will exhibit 
extensive regions of solid solubility; a phase dia- 
gram analogous to that of the nickel-chromium 
diagram is to be expected. Additional data for 
the solubility of hydrogen in thorium are re- 
ported as follows: 0.54 at.% at 198°C, 1.4 at.% 
at 305°C, 4.9 at.% at 405°C, 8.5 at.% at 552°C, 
12.9 at.% at 616°C, 17.0 at.% at 685°C, and 
25.3 at.% at 820°C. 

A number of new investigations of the thorium- 
cerium system‘*“ confirm the prior findings 
that face-centered-cubic thorium and cerium 
are completely soluble in one another. One of 
these investigations showed that cerium de- 
creases the oxidation resistance of thorium and 
reports a lattice parameter of 5.086 A for 
thorium. In the other investigation a minimum 
was found in the curve of lattice parameters vs. 
composition at 20 at.% cerium and 5.083 A 
(Ref. 44). The solidus in this system was also 
determined, and it is shown to be a smooth 
unbroken curve from thorium to cerium. In 
spite of this a phase diagram was presented 
showing restriction of the high-temperature 
allotropes of cerium and thorium. 

A study of the internal friction of iodide 
thorium by Dixon and Hori*® has disclosed a 
shear modulus of 4.06 x 10° psi at room tem- 
perature. The shear modulus has a tempera- 
ture coefficient of —4.2 x 10~/°C to 450°C and 
-—5.5 x 10 per degree centigrade above 450°C. 
A sample annealed at 800°C to « grain size of 
0.02 mm showed the first signs of grain-boundary 
relaxation at ~ 380°C with the “grain-boundary 
peak” occurring at 530°C. Rapid recrystalliza- 
tion of heavily cold-worked thorium was ob- 
served at 600°C. The heat of activation for the 
grain-boundary relaxation process (usually con- 
sidered equivalent to the heat of activation for 
self-diffusion) was found to be ~73,000 cal/mole. 

Meechan,“* by analysis of the sintering be- 
havior of thorium wires, found the activation 
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energy for self-diffusion of face-centered-cubic 
thorium to be ~83,000 cal/mole and for body- 
centered-cubic thorium ~100,000 cal/mole. Dif- 
fusion coefficients for self-diffusion of thorium, 
summarized below, indicate an allotropic trans- 
formation temperature of 1425°C possibly as a 
result of carbon or oxygen contamination. 


Diffusion coefficient, 


Temp., °C D (cm?/sec) 
1550 1.2x 1077 
1450 2.3 10% 
1350 1.3 x 107% 
1250 2.7 x 107% 
1150 3.3 x 107% 


Oxidation tests at Battelle showed that 
thorium-base alloys containing up to 2 at.% 
aluminum, cerium, gadolinium, lanthanum, mo- 
lybdenum, niobium, rhenium, scandium, or tung- 
sten were completely oxidized in <24 hr in air 
at 2000°F. 

Irradiation data from several sources con- 
tinue to indicate that thorium and thorium alloys 
have excellent resistance to damage by the 
fission process, from the standpoints of both 
mechanical properties and dimensional stability. 
Atomics International reports that a thorium- 
base alloy, irradiated at a temperature below 
510°C to a burn-up of ~0.05 at.%, did not show 
appreciabie growth. In addition, five thorium — 
10 wt.% uranium alloys were irradiated at a 
temperature of 650°C (measured) to a burn-up 
of ~0.3 total at.% (analyzed). The specimens, 
originally 1'/, in. long and *% in. in diameter, 
showed the following dimensional changes. 


Increase in 


Increase in Increase in 


Specimen length, % diameter,% volume, % 
1 0.2 1.0 2.4 
2 1.5 1.0 3.9 
3 2.5 0.8 4.3 
4 1.9 1.3 4.8 
5 1.9 


It is perhaps noteworthy that 650°C is above 
the temperature of rapid recrystallization of 
thorium noted by Dixon and Hori and that the 
rate of growth indicated above is about equal 
to that of uranium at 450°C. (The temperature 
for rapid recrystallization and creep of ura- 
nium is ~400°C.) 

Additional results on irradiations of thorium — 
2 wt.% U**® alloys are available. Hanford is 


irradiating six capsules at the MTR in 0.5 at % |; 


increments up to 3 at.% burn-up in a flux of 
10 nv. ‘t is reported that this should produce 
an internal temperature of 560°C and a surface 
temperature of 430°C for the *4-in.-diameter 
samples*’ in NaK. The first three capsules 
have been removed from the MTR, and swelling 
and weight losses for the samples irradiated 
to 1 at.% burn-up were negligible, as indicated 
by the following tabulation: 


Preirradiation Postirradiation 


data data 
Weight, g 33.9022 33.9007 
Length, in. 1.500 1.506 
Diameter, in. 0.388 0.388 
Hardness, Ra 40 59 


Bend test on 
l-in. centers 


Brittle frac- 
ture; max. 
load 5060 lb 


No fracture; 
max. load 
3500 lb 


The samples exposed to 1'/ at.% burn-up were 
clad in 0.120 in. of Zircaloy-2 sheathing, giving 
a cylindrical sample of 0.622 in. in diameter. 
Postirradiation data reported for these samples 
are as follows:*® 


Preirradiation Postirradiation 


data data 
Density, g em? 11.69 11.58 
Length, in. +0 .002 
Diameter, in. 0.622 0.624 
Hardness, R, 40 59 


Bend test on Modulus: 4.42 x 10° 


psi; ultimate 
stress: 234,000 
psi 


1-in. centers 


(W. Chubb) 


Dispersion Fuel Materials 


The fuel elements for the Organic Moderated 
Reactor Experiment (OMRE)*® consist of a core 
of highly enriched UO, particles dispersed in a 
type 304B stainless-steel matrix clad with 
type 304 stainless steel. The fuel elements are 
fastened mechanically into a box type sub- 


assembly with provisions for movement of the 
elements during service. The analytical and 
experimental work leading to the development 
of this floating-element design are described. 
Both transverse and longitudinal buckling of the 
fuel elements caused by restraint of unfueled 
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plates and temperature gradients down the 
length of the subassembly are minimized by 
allowing the element to “float” in the grooved 
side plates. Manufacturing and quality-control 


Table I-4 ELECTRICAL RESISTIVITY AND TENSILE 
STRENGTH OF HIGH-URANIA UO,-—STAINLESS- 
STEEL CERMETS AT ROOM TEMPERATURE* 








Per cent of Electrical Ultimate tensile 

UO, theoretical resistivity, strength, ft 
vol.% density ohm-cm 1000 psi 

40 95.5 208 63.4 

50 93 150 61.8 

63 92 526 22.5 

70 90.8 831 16.6 

74 90.4 1,250 16.7 

80 93 1,850 15.2 

87 88.9 6,900 9.2 





* Data from Battelle Memorial Institute, Columbus, 
Ohio.” 
+t Calculated from bend-test data. 


processes for the OMRE fuel element have been 
worked out in detail. An important part of this 
is the development of a radiation gauge to de- 
termine the uniformity of UO, distribution in 
the fuel elements. 
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steel; however, it is reported that other metals 
such as molybdenum and niobium look promising 
as skeleton materials, and UN and UC appear 
promising as fuel materials. Sintering, infiltra- 
tion, and hot-pressing techniques were also 
investigated as methods of obtaining dense cores. 
Mechanical property data were limited to the 
calculation of room-temperature tensile 
strength from bend-test data and evaluations of 
resistance to thermal shock; the only physical 
property obtained was the electrical resistivity 
of the cermet body. Several of these properties 
are listed in Table I-4. The most successful 
method of cladding the cores was a gas-pressure 
bonding technique. 

As part of the development of UN and UC 
dispersions in stainless steel, fuel specimens, 
0.060 in. thick, clad with 0.005 in. of type 347 
stainless steel and containing 24 wt.% of the fuel 
particles, are now in the MTR awaiting irradia- 
tion at ~1600°F. Tensile properties of these 
materials are listed in Table I-5. 

Knolls workers®® have devised techniques for 
the metallographic examination of irradiated 
fuel elements containing UO,. They observed 
several irradiation effects, including sintering, 
porosity, and growth of UO, particles, and ad- 


Table I-5 TENSILE PROPERTIES OF 24 WT.% UN AND UC IN STAINLESS STEEL* 








Yield strength Ultimate 

(0.2 per cent tensile Elongation 
Fuel Dispersion test offset), t strength,t in 2 in.,t 

compound temp., °F 1000 psi 1000 psi Rt 4 

UN Room 36.9 69.3 0.99 14.3 
UN 1100 25.4 48.9 1.07 10.3 
UN 1300 20.0 34.5 1.08 12.0 
UN 1500 14.9 18.1 0.97 16.5 
UN 1650 10.8 13.0 1.12 18.1 
UC Room 42.4 67.5 0.94 4.6 
UC 1100 30.3 42.5 0.93 5.0 
UC 1300 26.9 32.2 1.01 8.8 
UC 1500 16.9 20.0 1.07 16.9 
UC 1650 9.7 12.0 1.03 25.3 





* Data from Battelle Memorial Institute, Columbus, Ohio." 

t Average of two values. 

t Ratio of ultimate tensile strength of dispersion element to ultimate tensile strength of 
stainless steel multiplied by vol.% stainless stee] 


A limited study was made at Battelle'’ to 





determine the feasibility and advantages of pro- 
ducing fuel elements which contain 60 to 90 
vol.% ceramic fuel, supported by a continuous 
or semicontinuous metallic matrix. Most of the 
work was conducted using UO, and stainless 


vanced a theory about the behavior of these 
elements during irradiation. It was shown that 
the metallic matrix restrains the growth of 
the oxide particles and, when the matrix fails, 
swelling of the particles is excessive. It was 
also postulated that the silicon normally found 
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in prealloyed stainless-steel matrices is re- 
sponsible for much of the heavy damage adjacent 
to the oxide-fuel particles. 

Five papers were presented at the recent 
Paris Conference which reviewed in detail the 
entire field of dispersion type fuel elements. 
A paper presented by Oak Ridge'™ deals with 
the fabrication and properties of stainless- 
steel- UO, elements, whereas papers from 
Sylvania-Corning'! and Atomic Energy Research 
Establishment (AERE)*) are concerned pri- 
marily with dispersion fuels other than stain- 
less steel-UO,. A paper from Knolls*" reports 
on the irradiation behavior of dispersion fuels. 
Both theoretical concepts and experimental re- 
sults are discussed. Another paper describes 
the work at Oak Ridge'" on uranium oxide dis- 
persions in aluminum. These combined papers 
offer an excellent opportunity for those inter- 
ested in the dispersion fuel concept to obtain 
a good background in the technology as it 
exists today. (D. L. Keller) 


Refractory Fuel 
and Fertile Materials 


Fabrication of UO2-containing Ceramics 


Papers presented at the Paris Conference 
in November, 1957, give an excellent résumé 
of the current state of the art of fabricating 
high-density UO, ceramics to close dimensional 
tolerances.? Work at Chalk River?” and Mal- 
linckrodt Chemical Works (MCW)** has provided 
the basic information necessary to produce a 
more or less uniform UO, powder which can be 
fabricated into high-density ceramics at mod- 
erate forming pressures and relatively low 
sintering temperatures. Work at Hanford’” and 
Bettis*! indicated that treatment of the UO, (ball 
milling, micronizing, or oxidation-reduction) 
prior to forming may be desirable in order to 
improve the uniformity of the product. It seems 
reasonable to assume that an appreciable re- 
duction in the cost of fabricating UO, fuel 
can be realized through the use of these more 
active powders and more precise processing 
controls. 

A difference was reported®! by Battelle in 
the structure of the oxidation products of an 
inactive oxide powder obtained from MCW and 
an active form prepared by hydrogen reduction 
of amorphous UOQ;,. 


Murray et al.?© compacted nonstoichiometric 
oxides ranging from UO, to U;O, at 14,000 io 
20,000 psi and sintered them in argon, nitrogen, 
hydrogen, carbon monoxide, or in vacuum. No 
details of methods of preparing the powders were 
given.. The most sinterable of the oxides evalu- 
ated, U,O,, had a density of 10.8 g/cm’ after 
sintering for 1 hr in argon at 1200°C. The 
U,;O, was reduced at UO,,,, during sintering. 
There also was evidence of uranium loss during 
sintering. Considerably higher temperatures 
were required to obtain equivalent densities when 
sintering was done in hydrogen. 

Several laboratories reported developmental 
work on the extrusion of UO, and of UO,- 
containing ceramics. The extrusion process is 
known to be economically superior to pressing 
where the L/D ratio of the required pieces and 
the batch size are large and the size tolerances 
are not too stringent. Hanford™ described tech- 
niques developed for fabrication of long rods 
of UO, which sintered to as high as 96 per cent 
of theoretical density at 1750°C. Bettis® also 
reported the extrusion of UO, on a pilot-plant 
scale. 

Hanford’ has continued work on swaging to 
produce high-density fuel elements. Hot-swag- 
ing at 600°C produced elements in which the 
density of the UO, was reported to be 94 per 
cent of theoretical. Density variations between 
swaged specimens of like powder were reported 
to be +1 per cent. 

Los Alamos™ and Knollis®*® have done pre- 
liminary work on PuO,-UO, ceramic fabrica- 
tion. In a statistically designed experiment 
Knolis investigated sintering characteristics of 
mixtures of PuO, and UO, containing about 5 to 
20 per cent PuO,. The oxides were obtained 
by heating ammonium diuranate and hydrated 
plutonium dioxide at 750°C in hydrogen. Speci- 
mens were pressed at 8000 psi. Densities 
high as 90 per cent of theoretical were re- 
ported for pellets sintered at 1350°C in hydro- 
gen. (H. D. Sheets) 


Reviews of UO> Fuel Status and Technology 


Bettis experience with clad UO, pellets in 
the PWR program was reported in Paris by 
Eichenberg.“™ Preparation of UO, powder, pellet 
fabrication, and UO, properties and irradiation 
behavior were discussed in detail. The tech- 
nique of in-pile measurements of fission-gas 
release from UO, pellets is discussed in detail 
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by Markowitz et al. The role of the NRX re- 
search reactor in UO, fuel studies, sponsored 
by the United States, Atomic Energy of Canada, 
Ltd., and United Kindgom Atomic Energy Au- 
thority, is reviewed in a recent Canadian re- 
port.** The importance of UO, in the Canadian 
power program is discussed by Runnals.*’ 
Natural UO, clad with zirconium alloy is a 
candidate fuel for Canada’s heavy-water- 
moderated and -cooled Nuclear Power Dem- 
onstration (NPD) reactor. Cold-swaging of UO, 
powder in a zirconium alloy tube is considered 
a promising method of fuel fabrication for this 
reactor. (W. S. Diethorn) 


Properties and Behavior of Uranium Oxides 


The structure of nonstoichiometric UO, is 
being studied by a number of laboratories. 
Magnetic-susceptibility measurements on ox- 
ides in the composition range UO, to UO,, 
show that excess oxygen in the lattice is in- 
terstitial.** Studies of oxygen self-diffusion in 
uranium dioxide are continuing at Bettis.” 
A solid-gas isotopic-exchange method was used 
to determine the self-diffusion of oxygen in 
UO, 904 40.004 in the range of 450 to 600°C. The 


_temperature variation of the diffusion constant 


is 
D = 2.6 x 107 exp (—29,700/RT) 


where D = diffusion coefficient, cm’/sec 
R = the gas constant, cal/(mole)(°C) 
T = temperature, °K 


The oxidation and structural behavior of 
active and inactive uranium oxide has been 
studied by Battelle.*' Active oxide was pre- 
pared by hydrogen reduction of amorphous UO,. 
The inactive oxide was prepared by the oxida- 
tion of MCW UO, in dry oxygen at 180°C. The 
active UO, oxidation product retains the cubic 
symmetry of UO, up to the composition UO, 4, 
and is stable to 600°C in vacuum. The struc- 
tural behavior of the active oxide in this com- 
position range is significantly different from 
that of the inactive oxide. Inactive uranium oxide 
oxidizes at 180°C by the formation of a tetragonal 
oxide (U,;O,) which is unstable on heating above 
300°C. Below UO,,,; the U,O, reacts with UO, to 
form UO,,, and U,O,. Above UO, »,; the tetragonal 
phase is stable to 600°C. 

As part of a study on the oxidation of uranium 
dioxide, helium-density measurements were 
made on nonstoichiometric UO, powders.'’ The 





density of UO,,, decreases with oxygen addition 
up to about UO,,; and then increases in the 
UO,4, + UsO, region. 

Hanford is investigating the mechanism of 
fracture in unirradiated UO, bodies.** Pressed 
and sintered flat-plate UO, specimens, fractured 
by impact and thermal shock, indicate that the 
mechanism of fracture is the same in both cases. 

In an investigation of rare-gas diffusion in UO,, 
Bettis'® has studied the evolution of helium from 
UO, powders. Vacuum annealing of UO, powder 
saturated with helium yielded the following diffu- 
sion constants. 


Helium diffusion 


Temp., °C constant, cm?/sec 
700 0.9 x 10771" 
800 1.0 x 107*8 
900 1.6 x 10718 


Flinta’® has reported in-pile thermal- 
conductivity measurements on UO, pellets having 
a theoretical density of 92 per cent. The pellets 
contained centerline and circumferential ther- 
mocouples. After a 10'* nvt exposure at 350°C, 
the thermal conductivity decreased tenfold. 
Fragmentation of the pellets occurred during 
irradiation, ind this is believed to be the chief 
cause of the decrease in thermal conductivity. 

As part of a program on high-temperature 
fuels for a process heat reactor (HTTR), Nu- 
clear Development Associates (NDA) is investi- 
gating the compatibility of UO, with candidate 
cladding materials and fission-gas retention.*° 
On the basis of uranium diffusion and reaction 
with mating surfaces, niobium, Al,O, (single 
crystal), ZrC, and ZrO, show the best com- 
patibility with UO, at 2500°F. The results of 
fission-gas retention experiments at 2500°F on 
UO, clad with Al,O, are promising. There is 
some evidence that fission-gas retention is a 
function of Al,O; history. 

In the Canadian NPD fuel program," the 
design and results of an in-pile loop experi- 
ment on a Zircaloy-2 fully clad 9-ft fuel rod 
containing UO, pellets have been described in 
excellent detail. Pellet densities were 85 to 
95 per cent of theoretical. The temperature of 
the outer surface of the 27-mil cladding was 
560°F. Corrosion caused a rod failure after an 
average pellet burn-up of 1100 Mwd/ton. The 
failure is believed to be the result of whole- 
rod vibration and fretting corrosion with the 
stainless-steel containing tube in which the rod 
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Table I-6 IRRADIATION OF 97.5 WT.% ThO,—2.5 WT.% UO, FUEL SPECIMENS* 








Burn-up, Surface 
% total heat flux, « Central Surface 
Sample Reactor Jacket Annulus metal atoms Btu/(hr)(ft*) temp., °C temp., °C Remarks 
4335C CP-5 Bare 0.02 2.9 x 104 435 270 None 
4335D CP-5 Zircaloy-2 Air 0.05 3.4 x 104 465 270 Testing time 1100 
hr; two-pellet 
assembly; one 
cracked 
4335E CP-5 SS Air 0.05 3.4 x 104 465 270 Testing time 1100 
hr; two-pellet 
assembly; one 
cracked 
BF-2 MTR Bare 0.88 3.1 x 108 450 160 None 
BF-5 MTR Zircaloy-2 Air 0.85 3.0 x 108 450 175 20-mil hole in 
can 
BF-11 MTR_ ss Air 0.72 2.5 x 108 375 150 20-mil hole in 
can 





* Data from paper presented at Fuel Elements Conference, 


2) November 1957. 








Table I-7 IRRADIATION OF 90 WT.% ThO,—10 WT.% UO, FUEL SPECIMENS* 
Burn-up, Surface 
% total heat flux, Central Surface 

Sample Reactor Jacket Annulus metal atoms Btu/(hr) (ft?) temp., °C temp., °C Remarks 

20 CP-5 Al-1wt.%Ni_ Lead 0.31 14.6 = 10 955 270 1630 hr; four- 
pellet assembly; 
two pellets cracked; 
jacket distorted 

21 CP-5 Al-l1w.%Ni_ Lead 0.32 14.6 = 108 955 270 1790 hr; four- 
pellet assembly; 
pellets cracked 

CA-1-1 MTR  Al-1wt.%Ni_ Lead 0.34 26.1 x 10° 1060 270 Pellets cracked 

CA-1-2 MTR Al-1wt.&Ni Gast 0.34 26.1 « 104 1060 270 Pellets cracked 

CA-2-1 MTR Al—1 wt.% Ni Lead 0.64 50.5 = 10° 2000 480 Pellets cracked 

CA-2-2 MTR Al-1wt.%Ni Gast 0.64 50.5 x 10° 2000 480 Jacket cracked and 
slightly distorted; 
pellets cracked 

CA-3-1 MTR Al-1wt.&Ni_ Lead 1.10 84.0 x 104 3300 760 Jacket showed 
slight fissure; 
pellets cracked 

CA-3-2 MTR Al—-iwt.% Ni Gast 1.10 84.0 x 10¢ 3300 760 Pellets cracked 

CA-4-1 MTR Al—1 wt.% Ni Lead 1.25 100.0 x 10 3900 890 Jacket failed 
explosive break 

CA-4-2 MTR Al-1wt.%Ni Gast 1.25 100.0 x 104 3900 890 Jacket appeared to 





* Data from paper presented at Fuel Elements Conference,™ November 1957. 
+ Gas —80% helium; 20% argon. 


be melted; pellets 
appeared to be 
melted in center 
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was located. A second rod irradiation, designed 
to eliminate vibration, shows improved per- 
formance. 

If blanket-rod failures occur in the PWR, 
UO, is released into the coolant loop and may 
present a maintenance problem.” The minimum 
surface temperature of the UO, pellets in the 
PWR is 500°F and occurs at shutdown. During 
shutdown, accidental entrance of air into the 
loop is possible, and in this environment the 
water corrosion and erosion of UO, are known 
to be rapid. In-pile studies®® of defected rods 
in a high-temperature-water loop show that 
pellet erosion and subsequent release of UO, 
occurs only in those pellet areas adjacent to 
the defects. The amount of fuel lost from de- 
fected rods is small, and the fuel losses do 
not seriously contaminate coolant water. 

Bettis has also studied irradiated UO, powders 
with X-ray diffraction techniques.™ Mallinckrodt 
UO,, high-pressure-steam-oxidized UO, (in the 
composition range UO, to UO, ..), and U,;O, 
were irradiated to burn-ups of <100 Mwd/ton 
at calculated temperatures of <135°C. Damage 
to the U,O, lattice was so severe that no accurate 
lattice-parameter measurements could be made. 
In the other powders the X-ray diffraction data 
sugyest that the primary source of strain in 
the UO, lattice is the formation of interstitial 
vacancy pairs. Saturation strain at these low 
burn-ups occurs when the rate of annealing is 
balanced by the rate of generation of interstitials 
and vacancies. 

The thermal performance of PWR Core I 
blanket rods is discussed ina summary report.™ 
On the basis of data on fusion and grain growth 
in irradiated blanket-rod pellets, the volume 
expansion of UO, on fusion is estimated to be 
1 to 7 per cent. The possible effects of lattice 
damage and fission products onthe melting point 
and thermal conductivity of UO, are discussed. 
The best correlation of rod behavior with esti- 
mated heat fluxes is achieved when the lower 
UO, thermal-conductivity values determined by 
Armour are used. This work suggests that op- 
peration of PWR blanket rods with some UO, 
melting is possible without danger of rod 
failure. (W. S. Diethorn) 


Mixtures of Uranium Oxide 


with Other Oxides 


1, UO,-ThO,. The results of Argonne irra- 
diation studies?”-*5 of UO,-ThO, pellets for 
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BORAX-IV are summarized in Tables I-6 and 
I-7. Pellet densities varied from 9 to 10 g/cm’. 
The pellets were '/, in. in outside diameter and 
4 in. in length. Pellet cracking and fragmenta- 
tion were observed in many specimens. Clad- 
ding performance and the condition of the pellets 
after irradiation depended on the nature of the 
cladding and pellet-cladding annulus. In the 
MTR series of specimens reported in Table 1-7, 
pellet condition was generally good, and cladding 
distortion was small when the specimen central 
temperature was less than 2000°C. 

Oak Ridge reports the status of a program on 
the effect of radiation on several physical 
properties of UO,-ThO, compacts. Prisms 
of 97.2 wt.% ThO, -2.8 wt.% UO,, with a theoreti- 
cal density of 84 per cent, were irradiated in 
helium at 740°C. After an exposure of 6.4 x 10'® 
nvt, the specific heat, cal/(g)(°C), changed <2 per 
cent between 85 and 1800°F. A second speci- 
men, irradiated to an exposure of 1 x 107° nvt, 
showed a 2 per cent decrease in Young’s modu- 
lus over the temperature range of 486 to 1000°C. 
In the internal-friction studies on the modulus 
specimen, the resonant frequency (2700 
cycles/sec) changed by <1 cycle/sec. 


2. UO,-PuO,. As part of a fuel program on 
UO,-PuO, fuel,?" Argonne has irradiated 88 wt.% 
UO,-12 wt.% PuO, pellets, dry-pressed to 
65 per cent of theoretical density. Specimen 
dimensions were 0.187 in. in outside diameter 
and 1 in. long. Sintering and central void for- 
mation, but no melting or cladding failure, were 
observed in one specimen irradiated to a 5 per 
cent depletion of the plutonium at 650 to 725°C. 
A second specimen was irradiated to a 35 per 
cent depletion of the plutonium at a temperature 
of 500°C. The appearance of this latter speci- 
men was Similar to that for the specimen irra- 
diated to 5 per cent depletion of the plutonium, 
except for specimen cracking and the separation 
of loose and friable powder around the periphery 
of the specimen. 


3. UO,-La,O,. Valence effects of solutions 
of 30, 50, and 60 wt.% La,O, in uranium dioxide 
are currently under study at Battelle.'’ X-ray 
diffraction measurements show that these solu- 
tions are of the fluorite structure, both before 
and after air oxidation, although the lattice 
parameter decreases after oxidation. This de- 
crease is in agreement with the change in ura- 
nium valence from the +4 to the +6 state. Ac- 
cordingly, the cubic structure is retained even 
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Table I-8 PROPERTIES OF URANIUM COMPOUNDS* 


. 








Crystal structure X-ray Uranium Thermal 
Melting and lattice density, content, conductivity, 
Compound point, °C constants, A g/cm? g/em® cal /(sec)(cm) °C) Remarks 
UB, > 1500 Hexagonal 12.82 11.75 Would require separated isotope; 
a=3.12 probably would oxidize readily 
c = 3.96 in air or steam but stable in H, 
UB, > 1500 Tetragonal 9.38 7.94 Would require separated isotope; 
a= 7.075 probably would oxidize readily 
c = 3.973 in air or steam but stable in H, 
UBe x 2025 FCC 4.373 3.06 0.028 Should have good resistance to high- 
a = 10.256 temperature oxidation and cor- 
rosion; provides some modera- 
tion 
UC 2375 FCC 13.63 12.97 0.080 Decomposes in hot water; of inter- 
a = 4.961 est in gas-cooled and liquid- 
metal-cooled reactors 
UC, 2475 BC tetragonal 11.68 10.61 Reacts with water and air but 
a = 3.524 probably not with H, 
c = 5.999 
UA], 1590 FCC 8.14 6.62 Should have good thermal con- 
a=7.811 * ductivity and good corrosion 
resistance 
UN 2630 FCC 14.32 13.52 Probably will be chemically 
a = 4.880 reactive 
US > 2000 BCC 10.87 9.58 Stable in boiling water but probably 
a = 5.484 has poor oxidation resistance 
U;Si 930 BC tetragonal 15.58 14.99 0.041 at Resistant to hot water; oxidizes in 
a = 6.029 50°C air; fair irradiation stability 
c = 8.697 
U;Si, ~ 1660 Tetragonal 12.20 11.31 
a = 7.329 
c = 3.900 
USi ~ 1600 Orthorhombic 10.40 9.30 Resistance to oxidation in air, and 
a = 5.66 wet corrosion increases with 
b = 7.66 increasing silicon content for 
ec = 3.91 the series of uranium silicides 
U,Siy ~ 1600 BC tetragonal 8.98 7.27 
a = 3.98 
c = 13.74 
USI, ~ 1600 Hexagonal 9.25 7.48 
a = 3.86 
c = 4.07 
USiy 1500 Cubic 8.15 6.02 
a=4.03 
UO, 2750 Cubic 10.96 9.66 0.014 Excellent material; good irradia- 
a = 5.469 


tion stability, chemical 
stability, etc.; poor thermal 
conductivity 





* Data from paper presented at Fuel Elements Conference,?' November 1957, 
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when small changes in the lattice parameter 
occur during oxidation. 


4. UO,-ZrO,. A phase-diagram study of the 
UO,-ZrO, system is reported by Atomics Inter- 
national.** One objective of this study is to 
examine a possible two-phase region at tem- 
peratures little below the solidus in this sys- 
tem (2500°C). No two-phase region was found 
in this continuing study. The transformation of 
ZrO, from a monoclinic to a tetragonal form 
was also studied. A 15 mole % addition of UO, 
is sufficient to change the transformation tem- 
perature of pure ZrO, (1000°C) to below room 
temperature. 


5. UO,-Al,O,; and UO,-CeO,;. Knolls, in a 
study of the solid-state reaction between metals 
and the powders UO,-Al,O; and UO,-CeO,, found 
that 40-hr exposure of a UO,-Al,O; pellet to 
Zircaloy-2 at 1000°C resulted in a 0.6-mil 
penetration. Of the three barrier materials 
studied — stainless steel, nickel, and carbon — 
only carbon appeared to inhibit the reaction. 
CeO,-UO, pellets react with Zircaloy-2 at 
1000°C. (W. S. Diethorn) 


Properties of Refractory Fuels 
Other than Uranium Oxides 


Epremian”! reviewed the known properties 
of several uranium compounds as shown in 
Table I-8. The compounds U;Si and UC have 
received considerable attention. At Harwell,” 
methods of preparation and properties of stoi- 
chiometric U,Si are being evaluated. It was 
proposed by these workers that fission would 
disorder U,Si into uranium plus U,Si,. Suggested 
additions to stabilize U,Si to a higher tempera- 
ture were thorium, cerium, plutonium, zir- 
conium, titanium, niobium, and molybdenum. 
The effects of pile irradiation on the physical 
properties of U,Si were studied by Bleiberg and 
Jones.** During irradiation, the density de- 
creased by 3.5 per cent, whereas the hardness 
and electrical resistivity increased by a factor 
of ~2. X-ray diffraction studies of the irradi- 
ated U,Si indicated that these changes are due 
to a neutron-induced disordering reaction. The 
corrosion of UC is being studied at Hanford® 
in water and at Battelle’’ in NaK. Whereas UC 
reacts rapidly with 100°C water to form U;0,, 
exposure of arc-melted UC to NaK for two 
weeks at 1100 and 1300°F indicates no per- 
meation by NaK. The UC specimens were dis- 
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colored and lost 3 mg in weight during the 
two-week NaK exposure. Longer corrosion tests 
and irradiation studies are in progress. 

Studies of compound formation and structure 
are being made on several ternary uranium- 
carbon-X systems. Investigations of the 
uranium-carbon-nitrogen system'® show that 
UC, reacts with UN at 1800°C to give an ex- 
panded lattice of U(N,C), whereas UC reacts 
with nitrogen to form U,N;. Mixtures of UC and 
UC, react with nitrogen at 1000, 1100, and 
1300°C to form an essentially carbon-free U,N;. 
Attempts to prepare U,C; from U(N,C) and UC, 
have been unsuccessful. Nowotny”’ has investi- 
gated the solid solubility of several carbides of 
the Group IV, V, and VI elements in UC. His 
results, on mixtures of these carbides with UC, 
reacted at 1800°C, show that UC is a good 
solvent for the monocarbides of the Group IV 
and V elements. Somewhat less solubility of 
the Group VI elements in UC was observed. A 
compound U, .X),C,; was detected by X-ray 
diffraction examination of the samples in the 
uranium-molybdenum-carbon and uranium- 
tungsten-carbon systems. A second compound 
was observed in the uranium-tungsten-carbon 
system at a composition approximating 
Up. 4Wo.¢C,. The UC-ZrC system was also in- 
vestigated at Los Alamos." Samples reacted at 
2000°C showed complete solid solubility. The 
lattice parameters of the reacted mixtures 
varied linearly with composition from 4.697 A 
for pure ZrC to 4.958 A for pure UC. 

The plutonium-oxygen system has been in- 
vestigated at Harwell." The heats of forma- 
tion of PuO, and Pu,O, were given aS AH» = 
-224 and -393 kcal/mole, respectively. The 
existence of Pu,O,, having a complex structure, 
has been established. This phase was reported 
to form by heating PuO, in 10-* atm of CO at 
1200°K, in 1 atm of CO at 2000°K, and in 1 atm 
of dry hydrogen at 1700°K. PuO was prepared 
by reacting PuOCl with barium vapor. By X-ray 
diffraction the thermal-expansion coefficient of 
PuO, was determined as 9 x 10~°. 

(D. A. Vaughan) 


Mechanism of Corrosion 
of Fuel Alloys 


High-temperature Water, Hydride Mechanism 


The results of work performed at Bettis on 
the corrosion mechanism of uranium-base alloys 
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in high-temperature water have recently been 
declassified.“ The authors have reviewed the 
mechanisms of failure of alpha- and gamma- 
phase uranium alloys. The corrosion rate of 
alpha-phase alloys is determined by the forma- 
tion and subsequent oxidation of a hydride layer 
on the metal surface. Corrosion rates of gamma- 
phase alloys are determined primarily by the 
oxidation of the alloy by water. At least part 
of the hydrogen released from corrosion dis- 
solves in the base metal and eventually pre- 
cipitates as a metastable hydride. The precipi- 
tated hydride hardens and embrittles the matrix 
and is corroded preferentially, thus leading to 
discontinuous failure. 

Heat-treatments which precipitate nucleating 
and hardening impurities can result in hydride 
precipitating out in a less harmful manner. 
Stress affects the mode of precipitation and 
is believed necessary to explain the distribution 
of hydride precipitate during corrosion. De- 
polarizers such as nickel or platinum added to 
the water or to the metal reduce hydroger: ab- 
sorption and precipitation in gamma-phase al- 
loys. Hydrogen absorption may be reduced by 
introducing sinks, such as alpha uranium or 
zirconium, which preferentially absorb hydro- 
gen. 

The cladding of gamma-phase uranium with 
zirconium alloys reduces the amount of hydro- 
gen which would be absorbed in the core ofa 
corroding fuel element. Theoretical life of such 
a fuel element should be in excess offour years 
before corrosion failure occurs. Other factors 
which would contribute to longer corrosion life 
are decrease of the general corrosion rate, 
increase of the hydrogen solubility, increase of 
the diffusion rate in the gamma-phase core, 
and maintenance of a thin metallurgical core- 
cladding bond. 

U;Si, uranium-zirconium, and strained alpha- 
uranium alloys do not appear to corrode by a 
hydride mechanism. Therefore these alloys 
would not require a hydrogen-getter like zir- 
conium as the cladding material; aluminum or 
some other inexpensive cladding material might 
be adequate. 


High-temperature Water, 
Oxide Film Induced Stresses 


Other workers at Bettis are accumulating 
evidence which indicates that hydrogen is not 
essential in discontinuous failures of uranium - 


9 wt.% molybdenum in high-temperature-water 
corrosion. Discontinuous failures have been 
observed with the above alloy during exposure 
in oxygen at 680°F. Calculations indicate that 
stresses resulting from a mismatch between the 
metal and a coherent oxide film are sufficient 
to induce cracking in the specimens. Thus it 
is believed that all that is needed for discon- 
tinuous failure in water corrosion is an ad- 
herent reaction product of suitable mechanical 
properties. 


Oxidation of Uranium 


Personnel at Argonne are attempting to clarify 
the factors governing the pyrophoric charac- 
teristics of uranium (and other metals such as 
zirconium, thorium, and plutonium) in oxygen."® 
It has been found that the ignition temperature 
of bulk uranium in oxygen is ~500 to 600°C. 
During isothermal oxidation of uranium, the 
rate increases 3 to 13 times after a certain 
oxide thickness is reached. Experiments em- 
ploying metal-wire markers and radioactive 
markers indicate that oxygen is the diffusing 
species during uranium-metal oxidation. Elec- 
tron micrographs are being used to better under - 
stand the mechanism causing the two-stage 
oxidation. To date, there is no clear evidence 
to support a cracking mechanism in the oxide 
film which could account for the accelerated 
attack. (W. E. Berry) 
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Graphite 


The compatibility of graphite with various 
metals at 1650 and 1850°F has been studied 
at Battelle. Diffusion of carbon into metals 
was found to be less at 1650 than at 1850°F, 
based on metallographic examinations and hard- 
ness traverses. Inconel X was more resistant 
to carburizing than either Alnico or type 316 
stainless steel in tests conducted at 1650 and 
1850°F. Copper and chromium plating de- 
creased the rate at which carbon diffused into 
type 316 stainless steel. 


Three major carbon producers —Great Lakes 
Carbon Corp., National Carbon Company, and 
Speer Carbon Co.—have prepared pilot-plant 
quantities of large graphite blocks containing 
about 2.5 wt.% UO,. The possibilities of re- 
taining fission fragments in the fueled graphite 
‘are being investigated. One method involves 
the preparation of impervious graphite. Results 
indicate that the following factors can have a 
large effect on graphite permeability: type of 
binder and type of filler used in fabrication, 
the relative amounts of binders and fillers 
used, and the forming method used during 
fabrication. The second method involves de- 
velopment of sintered alumina-urania granules 
to be dispersed in the graphite matrix. Alumina 
is the continuous phase, and the surface of the 
granules is depleted of UO,. Therefore fission 
fragments will be attenuated in the alumina. 
Granules have been prepared that contain 10 
wt.% UO, and have densities up to 98 per cent 
of theoretical. 


Tests to determine uranium absorbtion in 
prospective graphites for the Liquid Metal 
Fuel Reactor (LMFR) are in progress at Brook- 
haven National Laboratory.' Graphite was cut- 
gassed at 600°C for 40 hr, and bismuth solution 
was introduced at 550°C. A 200-psi helium 
pressure caused bismuth penetration into the 
graphite. After a 90-hr soak, 1000 ppm of 
uranium and 390 ppm of magnesium were 
added. Pressure and temperature were main- 
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tained. The uranium concentration in the graph- | 


ite was obtained from slices of graphite taken 


at various distances from the graphite-melt | 


interface. The uranium concentration in EY9 
Morgan graphite was found to be less than that 
in the melt solution and decreased withincreas- | 
ing distance from the interface. At theinterface | 


the concentration was lower than expected. Cal- | 


culation of the diffusion coefficient indicates a 
value of 3.66 x 107 cm’/sec. Great Lakes Car- 
bon Corp. type HLM graphite, which absorbs 
less bismuth than EY9 graphite, was tested in 
a Similar manner, but no magnesium was added. 
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The uranium corcentration near the surface of 
the specimen was considerably greater than that 
initially in the melt. The concentration of ura- 
nium decreased with increasing distance from 
the interface much more rapidly than it did in 
the preceding experiment. (W. C. Riley) 


Beryllium 


Beryllium Metal and Alloys 


Summary reports have recently become avail- 
able on two important phases of research con- 
cerned with improving the ductility of beryllium. 
These are (1) the investigation at Nuclear 
Metals’? on the effect of small amounts of 
copper, chromium, iron, and nickel on the 
tensile properties of preferentially oriented 
beryllium sheet and (2) the study conducted by 
Aeroprojects, Inc., on ultrasonic grain re- 
finement in cast beryllium.’ 


As pointed out in a previous Review, be- 
ryllium sheet with 30 to 40 per cent elon- 
gation in the plane of the sheet can be produced 


by extruding and rolling powder in such a 4 


manner that the basal planes lie in the plane of 
the sheet. Basal-plane fracture is thus avoided 
when the material is stressed in the plane of the 
sheet; the operative fracture planes under these 
conditions are the (1120) type planes. The 
recently completed Nuclear Metals research’ 
was concerned with determining the effects of 
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minor additions of chromium, copper, iron, 
» and nickel on the tensile strength and ductility 
of “basal-plane-layered beryllium,’’ as the 
\ highly oriented material is called. Binary be- 
) ryllium alloys containing up to 0.55 wt.% chro- 
mium, 0.42 wt.% copper, 0.54 wt.% iron, or 
> 0.53 wt.% nickel were prepared from QMV 
[; beryllium and the appropriate elemental powder. 
Briefly, the fabrication procedure was as fol- 
lows: the mixed powders were cold-compacted 
) in steel cans, extruded at 1950°F at a re- 
) duction ratio of 12.8:1 to 4 by 1'4-in. strip, 
sandwiched, then rolled at 1850°F perpen- 
dicular to the extrusion direction to 0.09-in. 
) sheet. Tensile specimens were prepared from 
the sheet, which was basal-plane-layered with 
| a high density of (1010) poles in the extrusion 
direction and at 60 deg to the extrusion di- 
rection. Fracture planes in this material were 
' of the (1120) type, which were perpendicular to 
} and also at 30 deg to the rolling direction. The 
effects of the addition elements were as follows: 
(1) as the copper content was increased from 
0 to 0.42 wt.%, the ultimate tensile strength 
increased from 58,000 to 70,000 psi, while the 
elongation remained essentially constant at 24 
| per cent; (2) increasing additions of nickel 
(up to 0.53 wt.%) caused the elongation and 
reduction of area to decrease while the strength 
_first increased and then decreased in this 
' range; (3) the iron additions drastically re- 
| duced the elongation and reduction of area, 
but this was accompanied by increases in the 
» yield point and ultimate strength; and (4) in- 
_ creasing amounts of chromium first caused the 
elongation and reduction of area to decrease, 
then increase while the yield point showed a 
moderate increase. Thus it appears that small 
' additions of copper can be used to increase the 
strength of basal-plane-layered beryllium sheet 
without detriment to the tensile ductility 


The objective of the Aeroprojects research’® 
on ultrasonic treatment of beryllium melts was 
to produce, if possible, fine-grained cast ingots, 
| which could be worked by forging, rolling, etc. 
' It would be extremely. desirable to produce 
) ductile cast and wrought beryllium products, 
thus eliminating the need for using powder- 
metallurgy techniques, which are now neces- 
sary to get maximum ductility. The work 
included a survey of previous grain-refinement 
applications of ultrasonics. The ultrasonic treat- 
ments on beryllium were carried out on molten 


zones 6 in. in length by 1'/ in. in diameter, 
heated by three independently powered induction 
coils. Trials were made with frequencies of 
20, 75, and 300 ke and with estimated power 
inputs to the melt ranging from 1.8 to 16 
watts/cm’. Freezing was controlled so as to 
progress toward the ultrasonic coupler (a mo- 
lybdenum rod). A large number of tests was 
conducted, but no marked grain refinement 
was accomplished. The conditions under which 
grain refinement occurs are not dependent 
solely on the variables of power and frequency 
of the ultrasonic energy; the same apparatus 
(with a steel coupler) was effective in pro- 
ducing grain refinement in copper. Copper has 
a lower melting point, lower heat of fusion, 
and higher thermal conductivity than beryllium, 
all of which factors are conducive to producing 
finer grain size in copper than in beryllium 
ingots. 


Work is continuing at Nuclear Metals*’ in an 
effort to identify the suspected high-temperature 
allotrope in beryllium. High-temperature X-ray 
diffraction studies are being made on low 
nickel-beryllium alloys. In a 0.62 wt.% nickel 
alloy, the beryllium diffraction lines disap- 
peared on heating at 1200°C, and a new line 
was detected. Previous work’ had indicated an 
eutectoid reaction in the beryllium-nickel sys- 
tem at 1065°C and 36 wt.% nickel. It has been 
suggested that the high-temperature beryllium 
allotrope, 8, may be isomorphous with the 
phase Be,,Ni; (61 wt.% nickel). A possible 
eutectoid reaction is then 


=a + Be», Nis 


where qa is the low-temperature allotrope of 
beryllium. 


Another phase of research’ has been con- 
cerned with producing basal-plane-layered sheet 
with random orientation in the plane of the sheet. 
Although it is desirable to have the basal planes 
parallel to the sheet surface, the preferred 
orientation also existing in the plane of the sheet 
facilitates (1120) fracture. Press forging at 
1850°F with reduction ratios of 6:1 and 10:1 
resulted in (0001) planes parallel to the plane 
of the sheet, but the [1 010] directions rancomly 
scattered therein. For all upset ratios, ulti- 
mate tensile strengths of 69,000 psi were 
obtained; however, the reduction of area in- 
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creased from 5 to 12 per cent as the upset 
ratio was increased from 6:1 to 10:1. 


As noted in the previous Review, renewed 
interest in beryllium as a structural material 
for aircraft has become evident recently. The 
second quarterly progress reports have been 
received on two current Wright Air Develop- 
ment Center (WADC) contracts.*** However, 
these projects are just entering the data- 
gathering stage and a more complete review 
is not warranted at this time. 


Closely connected with the brittleness studies 
in beryllium are studies on analytical tech- 
niques for oxygen in the metal. A Harwell 
report’® describes a method for the deter- 
mination of oxide in beryllium after selective 
solution in CuSO,. The method has been found 
to be suitable for oxide contents in the range 
of 0.03 to 5 wt.%. A phase of Nuclear Metals 
research’ has been concerned with evaluating 
activation analysis techniques for oxygen in 
beryllium. The desired reaction was O'*(y,n)O". 
The Massachusetts Inst. of Tech. synchroton 
photon beam was used for the activating source. 
However, the sensitivity of this technique was 
found to be inadequate. 


With respect to end-item fabrication of be- 
ryllium, joining techniques (welding, brazing, 
and soldering) have been receiving continued 
attention at Los Alamos,'' and Harwell has re- 
ported on the preliminary fabrication of 
uranium-thorium-beryllium fuel elements 
sheathed in beryllium.” 


Indicative of a heightened interest in be- 
ryllium for both moderator and structural 
applications, a number of review articles and 
data compilations on beryllium have become 
available recently.'*5 (A. J. Griest) 


Beryllium Compounds 


Diffusion experiments on BeO, using Be' as 
a tracer at 1600, 1700, 1800, and 1900°C, gave 
a self-diffusion coefficient of 920 exp (-—106, 
500/RT). This value presumably applies to the 
diffusion of Be** in polycrystalline hot-pressed 
BeO. Single-crystal whiskers of BeO, extended 
in the direction of the crystallographic a axis, 
showed strains of 1 to 2 per cent before frac- 
ture in bending. From these experiments it was 
estimated that ultimate strength at room tem- 
perature was >1 million psi. Bend strengths of 


the same magnitude have been reported for 


Al,O; single-crystal whiskers by Webb andj 
Forgeng.'® (J. F. Quirk) f 
Solid Hydrides 


Zirconium Hydride 


oie oe 


The thermal-expansion coefficient of beta- 
phase zirconium hydride was determined at 
the Air Force Academy.'' A value of 3.53 x 107 
per degree Fahrenheit was observed at 400°F 
and 3.40 x 10° at 600°F. The expansion coef- | 
ficient was also found to increase with in- 
creasing hydrogen content. 

The National Bureau of Standards'® used the 
“drop’’ method for measuring the heat content 
of zirconium hydrides having Ny values of 1.34 
to 4.14 over a temperature range of 0 to 900°C. 
The heat content (Ht-Hy:c) was found to in- 
crease with temperature and with hydrogen | 
content. Values range from 676 cal/mole for | 
ZrHyg 394 at 100°C to 13,296 cal/mole for ZrH, 97; 
at 900°C. 

The first'® of two Battelle reports summa- 
rizing investigations of delta-phase zirconium 
hydride (Ny greater than 5.9) covers the prepa- 
ration and properties of the material. It was 
found that large sound bodies of the hydride can 
be prepared by direct combination of the ele- 
ments, if the rate of the reaction is retarded 
by limiting the supply of available hydrogen. | 
Specimens up to 1 in. in diameter were pre- 
pared using this technique. Delta-phase zir- 
conium hydride is unaffected by exposure to 
liquid NaK or to nitrogen gas at temperatures 
below 1000°F. The second report’® is con- 
cerned with methods for cladding the delta- 
phase zirconium hydride. Successful techniques 
were developed, as discussed on pp. 50-51 in 
this Review. 

Bettis*' has reported that hydride precipi- 
tation, by means of thermal-gradient diffusion 
of dissolved hydrogen in Zircaloy fuel plates 
and cladding, places much more severe re- 
strictions on the allowable preoperation hy- 
drogen content than has been hitherto suspected. 
The critical concentration of hydrogen was 
found to vary from 70 ppm under a 120°F 
thermal gradient to 53 ppm under a 320°F 
gradient (based on a heat of transport of 4.2 
kcal/mole). Battelle’? has found that the dif- 
fusion coefficient of hydrogen in delta-phase 
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zirconium hydride ranges from 1.5 x 107'° cm?/ 
sec at 200°C to 3.1 x 10°* cm*/sec at 600°C. 


Alloy Hydrides 


One value in the hydriding of metal alloys is 
the possibility that the alloy will absorb larger 
quantities of hydrogen than either constituent of 
the alloy alone. Work at Tufts”? has shown that 
an alloy containing 61 wt.% zirconium and 
38 wt.% nickel (1:1 atom ratio) can be hydrided 
to a composition of ZrNiH),. y. 

Another alloy hydride of interest is that of 
uranium-zirconium which may prove to be a 
good combination fuel and moderator. Bat- 
telle?5 is determining the pressure- 
temperature-composition relations in the hy- 
drides of a 1 wt.% uranium-zirconium alloy and 
is planning structural investigations of the 
system by means of high-temperature X-ray 
studies. In addition, radiation effects will be 
studied, using the hydride of a 2 wt.% fully 
enriched uranium-zirconium alloy. 


Niobium Hydride 


Measurements at Carnegie Inst. of Tech.”* of 
the. permeability of niobium to hydrogen at vari- 
ous temperatures yielded the following equation 
for the temperature range 300 to 700°C: 


D = 0.27 exp (-25,300/RT) 


where D = diffusion coefficient, cm’/sec 
R = the gas constant, cal/(mole)(°C) 
T = temperature, °K 


Degassing experiments by Battelle”® for cal- 
culation of the diffusion coefficient of hydrogen 
in niobium gave an activation energy of 19,140 
cal/(mole)(°C) for the temperature range 500 
to 650°C. The discrepancy between the two 
values for the activation energy (25,300 by 
Carnegie and 19,140 by Battelle) probably stems 
from differences in the purity of the materials 
used in the two investigations. (H. H. Krause) 
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Control-rod Alloys 


Hafnium 


The Bureau of Mines has been involved in an 
investigation of sponge hafnium in comparison 
to crystal-bar hafnium. One of the deterrents to 
the use of hafnium control rods has been the 
high cost of the crystal-bar material. Should 
a comparable sponge hafnium be produced, an 
appreciable decrease in cost should occur. 
With the exception of room-temperature duc- 
tility, the properties of sponge hafnium appear 
to be comparable to crystal-bar hafnium. Table 
UI-1 lists some of the tensile properties of the 
two types of material. 


Silver-Indium-Cadmium Alloys 


Initial corrosion tests of silver-15 wt.% 
indium-5 wt.% cadmium alloys in high-tem- 
perature water have been found to be mislead- 
ing. Corrosion tests of the wrought alloy in 
500 to 650°F static and dynamic water have 
shown satisfactorily low corrosion rates. How- 
ever, metallographic examination of corrosion 
samples at Bettis’ has revealed internal oxida- 
tion which tended to cancel weight losses re- 
sulting from surface corrosion. Tin additions 
to the alloy appear to have marked beneficial 
effects on corrosion characteristics. An alloy 
modified (silver-12.1 wt.% indium-9.4 wt.% 
cadmium~-2.0 wt.% tin) to simulate a neutron 








Table II-1 COMPARISON OF TENSILE PROPERTIES OF SPONGE AND CRYSTAL-BAR HAFNIUM* 

; Pull direction Yield strength Tensile 

: and test (0.2% offset), strength, Elongation Reduction 

: temperature Material 1000 psi 1000 psi in 2 in., % in area, % 

4 Longitudinal Sponge 64 88 7 

: Room temperature Crystal bar 36 67 23.7 32.7 
Longitudinal Sponge 33 46.3 39 44 
500°F Crystal bar 22.8 41.7 33.3 46.2 
Transverse Sponge 64.1 77.9 4 5 
Room temperature Crystal bar 41.4 62.6 24.9 35.7 

: Transverse Sponge 37.1 45.7 40 45 
500°F Crystal bar 29.9 41.6 36 49 


a 


— 








* Data from U. S. Bureau of Mines, Albany, Ore.’ 


Attempts to improve ductility by blending 
50-50 sponge -ciystal-bar strip have been un- 
successful since the quality of the blend was 
similar to that of 100 per cent sponge material. 
It is anticipated that ductility can be improved 
by decreasing oxygen content of the sponge 
through modification of production techniques. 

From corrosion tests in 750°F steam, sponge 
hafnium was found to have a weight gain of 
5 mg/dm’* after 14 days of test. No further 
weight gain was noted after a second 14-day 
exposure. Maximum corrosion of 12 mg/dm’ 
for a 14-day period is specified for crystal-bar 
hafnium under similar conditions.’ 


exposure of 3000 hr at 10" nyt has shown no 
evidence of internal oxidation after 182 days 
in 600°F dynamic (10 fps) water. A thin pro- 
tective film was found to form over this alloy, 
whereas no such film forms on the reference 
silver-indium-cadmium alloy. 

The creep properties of silver-base alloys 
have been a subject of concern since an ex- 
truded and annealed (1 hr at 400°C) silver- 
15 wt.%indium-5 wt.% cadmium alloy has a 
reported value of only 135 psi for the design 
criteria of 1 per cent creep in 10,000 hr at 
550°C. However, this can be increased to 1000 
psi by annealing 2 hr at 500°C to increase the 
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grain size’ from ASTM 4-6 to ASTM 2-3. 
Unfortunately, this is accompanied by a de- 
crease in yield strength from 10,000 to 7,500 
psi. 


probably be attributed to the presence of a 
second phase. Solid-solution hardening was 
negligible in silver-indium-cadmium-tin alloys, 
where tin additions were made at the expense 


Table II-2 TENSILE PROPERTIES OF EXTRUDED AND ANNEALED 


WROUGHT SILVER-BASE ALLOYS* 








Yield 
strength 
Sonate, 0 (0.2% Ultimate 

alge Annealing offset), strength, Elongation Reduction 

Silver Indium Cadmium Tin treatment Test temp.,°F 1000psi 1000 psi in2in.,% in area, % 
80.0 14.8 5.2 1 hr at 400°C Room temp. 11.2 44.4 53° 55 
550 8.6 26.4 27 34 
600 8 22.4 30 32 
2 hr at 500°C Room temp. 6.3 37.9 50 65 
550 6.2 27.2 37 37 
600 6.4 24.4 27 27 
82.2 14.9 3.1 0.1 1 hr at 400°C Room temp. 9.2 41.5 59 68 
550 9.4 21 19 24 
600 10 18.5 14 26 
80.4 15.0 4.4 0.2 1 hr at 400°C Room temp. 9.8 41.5 63 68 
550 9.2 25 38 40 
600 8.8 14.8 18 32 
80.5 15.0 4.0 0.5 1 hr at 400°C Room temp. 10.5 42.5 60 70 
550 9.4 24.4 42 42 
600 10.2 19.8 35 49 
80.75 18.25 1.0 1 hr at 400°C Room temp. 12.7 45.4 {7 63 
550 11.5 26.8 30 38 
600 11.9 19.4 32 64 
80.75 18.25 1.0 2 hr at 500°C Room temp. 9.3 43.8 55 64 
550 9.8 20.2 31 38 
600 9.4 16.8 30 50 
81.1 18.4 0.5 1 hr at 400°C Room temp. 10.6 44.5 53 54 
550 10.8 21 25 34 
600 10.2 12.6 23 30 
75.2 12.0 10.0 2.8 1 hr at 400°C Room temp. 21.4 48.6 42 49 
550 18.8 23.8 22 24 
600 18.8 21 20 32 
75.5 12.1 9.0 3.4 1 hr at 400°C. Room temp. 23.7 50 41 45 
550 21 23.8 15 33 
600 21 22.6 20 36 
76.1 12.0 8.0 3.9 1 hr at 400°C Room temp. 33.5 55 31 40 
550 24.6 28.8 7 10 
600 22.4 23.6 14 20 
74.7 11.0 9.5 4.8 1 hr at 400°C Room temp. 33.9 §3.1 34 39 
550 25.6 25.6 0 0 
600 25.5 25.7 3 1 
75.6 8.4 10.3 5.7 1 hr at 400°C Room temp. 34.5 51 19 22 
550 24.8 26.6 10 22 
600 23.2 24.6 9 16 





* Data from Bettis Plant, Westinghouse Electric Corp., Pittsburgh, Pa? 


Tin additions apparently improve the creep 
strength of silver-base alloys. A silver -18.25 
wt.% indium-1.0 wt.% tin alloy has a value of 
830 psi for 1 per cent creep in 10,000 hr at 
550°F and a yield strength of 11,500 to 12,000 
psi at 550°F. This increase in strength can 


of cadmium to balance the electron-to-atom 
ratio to retain the single-phase structure. 
Tensile properties of silver-base alloys are 
shown in Table II-2. 

A silver-15 wt.%indium-5 wt.% cadmium 
powder alloy, extruded at a reduction ratio of 








10, 
Yie 
sti 


cal 
cru 
ing 
che 


pre 
str 
of | 


eee ae Se i 


~~ aD 


| 








ym 


re 


im 





25:1 and annealed, will creep 1 per cent in 
10,000 hr at 550°F under a stress of 4,000 psi. 
Yield strength of this powder alloy, which is 
still under development, is 20,000 psi. 


In an attempt to join metallurgically Zir- 
caloy-2 or titanium to silver-indium-cadmium 
cruciforms, Bettis has investigated direct weld- 
ing, casting and extrusion, a combination me- 
chanical-welded joint, and weldment depositing. 
Of these, weldment depositing appears most 
promising. Tensile tests indicate the yield 
strength at the joint to be comparable with that 
of the control material.‘ 


As an indication of wear characteristics of 
the silver-indium-cadmium alloy, wear factors 
of the wrought alloy against Zircaloy-2 have 
been determined.‘ The wear factor can be de- 
fined as milligram weight loss per pound load 
per million inches of travel. A comparison of 
wear factors for this alloy (407 and 112 ob- 
tained at 20 and 40 psi, respectively) with wear 
factors obtained for other combinations of ma- 
terials shown in Table IlI-3 indicated favorable 
wear characteristics. 


Table HI-3 STUB-GUIDE WEAR-TEST* 
RESULTS FOR VARIOUS MATERIAL 
COMBINATIONSt 








Stub, wt.% Stub guide Load, psi Wear factor 
Ag-15 n-5Cd Zircaloy-2 20 407 
Ag-15 n-—5 Cd Zircaloy-2 40 112 
Zircaloy-2 347 SS 40 2800 
Zircaloy-2 347 SS 70 2900 
Hafnium 347 SS 40 2350 
Hafnium 304 SS 70 2500 
Hafnium Zircaloy-2 40 1480 
Hafnium Zircaloy-2 20 2068 
Zircaloy-2 347 SS 20 2700 
Hafnium 347 SS 20 2558 





* Water = 500°F; flow rate = 1 gal/hr; hydrogen 
content = 8 to 11 com?/kg; oxygen content = 0.14 ppm; 
pH = 8.5 to 9.5 with NH,OH. 

+t Data from Bettis Plant, Westinghouse Electric 
Corp., Pittsburgh, Pa,? 


Knolls has measured density changes and 
growth for irradiated silver-indium-cadmium 
alloys exposed to 2x10"! neutrons/cm’ at 
500°F. The length increased 0.4 to 0.5 per 
cent, the diameter increased 0.2 to 0.7 per 
cent, and density decreased 0.1 to 0.5 per cent. 


(V.. W. Storhok) 





CONTROL MATERIALS 





Dispersion-control Materials 


Knolls workers experimented with burnable 
poison strips of boron or B,C dispersed in 
Zircaloy-2, stainless steel, or Al,O;. They 
concluded that B,C in Zircaloy-2 is the most 
favorable combination from a design standpoint 
since such a strip could actually be bonded to a 
zirconium-uranium fuel plate by resistance or 
roll bonding; the strip would run lengthwise 
with the plate, maintaining the plate stiffness. 
The other materials would have to be incorpo- 
rated as a large number of small strips running 
crosswise. 


Irradiation specimens of B,C and of up to 
40 vol.%4 B,C in Al,O,; have been fabricated by 
dry pressing at 16.25 tsi (with 3 wt.% Ceremul 
“C’’ as temporary binder) and sintering in 
helium. The B,C was sintered at 1840°C for 
2% hr, and the B,C-Al,O,; compacts were 
sintered for 1 hr at 1550°C, although it was 
subsequently concluded that higher firing tem- 
peratures would have been preferable. 


Postirradiation examination of 2.2 wt.% B,C 
in Al,O; pellets of 76 to 85 per cent of theoreti- 
cal density showed a helium release of 1 to 
2 per cent of the theoretical amount produced 
when burn-up was in excess of 90 at.%. Metal- 
lographic examination showed that the ceramic 
was not broken up by irradiation and no dimen- 
sional changes occurred. Similarly, an alloy 
of 0.36 wt.% B® in stainless steel was irra- 
diated satisfactorily to more than 90 at.% burn- 
up. In the BMI study of radiation effects on 
boron materials, helium analysis of ZrB, indi- 
cated a burn-up of 60.2 at.% B® whereas 


lithium analysis showed 67.8 at.% B'® burn-up. 
The value obtained by lithium analysis is con- 
sidered more reliable. It has been calculated 
that 0.41 per cent helium was released during 
irradiation for 2800 hr at 130°F. Annealing at 
750°F for 140 hr resulted in a 0.9 per cent 
helium release. 


Knolls concluded that the required poison 
loading decreases with increasing particle size 
for the same amount of self-shielding. As an 
example, the following loadings of B,C in Al,O, 
are considered equivalent: 25 vol. -325-mesh 
B,C, 20 vol.%-170 +230-mesh B,C, 15 vol.% 
-100 +150-mesh B,C. This observation applies 
to burnable poisons and should not be confused 
with the situation regarding control materials, 
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where the effectiveness is increased as the 
particle size is decreased. 

The corrosion rate of B,C and of B,C in 
Al,O,; in 680°F water is dependent on the volume 
fraction and surface of B,C exposed and is 
particularly sensitive to the density of the 
compact. This can be seen from the data in 


Table Ill-4 CORROSION BEHAVIOR OF B,C AND 
B,C-Al,0, DISPERSIONS IN 680°F WATER* 





Density, Time on Corrosion rate, 





Specimen % test, hr mg/(dm’*) (hr) 
B,C (hot-pressed) 95 720 10.3 
B,C (cold-formed 

sintered at 

2200°C) 75 720 227.0 
B,C (cold-pressed, 

sintered at 

1900°C) 73 250 243.8 
B,C (cold-extruded, 

sintered at 

1900°C) 55 Disintegrated in 168 hr 
40 vol.% ByC 

in Al,O, 63 Disintegrated after 565 hr 
30 vol.% ByC 

in Al,O; 63 1000 931.0 
25 vol.% ByC 

in Al,O; 71 250 280.3 
100 wt.% Al,O; 60 1000 74.7 





* Data from Knolis Atomic Power Laboratory, 
Schenectady, N. Y. 


Table [I-4. To determine the solubility of 
boron and boron compounds in water, Bettis® 
placed pellets or powder of boron, B,C, TiB, 
HfB,, and ZrB, in separate autoclaves contain- 
ing 680°F water for 2 days. Solutions were 
then filtered and analyzed for boron content. 
The results indicate that 1.3 wt.% B}°C, 11.6 
wt.% B®, 72.5 wt.% ZrB}°, 73.8 wt.% HfB}’, and 
100 wt.% TiB}® were dissolved. No chemical 
analyses of the powders were reported, although 
previous work had indicated that purity of the 
powders is an important factor. 


Oak Ridge has developed procedures fo: 
fabricating cermets of B,C to be used as safety 
rods. The systems considered included the uss 
of 20 vol.%of nickel, copper, or iron as a 
binder. Powders of -325 mesh were ball- 
milled fogether for 8 hr, and the mixtures were 
fabricated by hot pressing in induction-heated 
graphite dies. Nickel reacted with B,C to form 
a liquid phase which did not wet the B,C and 
did not promote densification. Compacts pre- 
pared with copper had a high density but were 
crumbly. However, if iron was pressed at high 
enough temperature to form FeB, which pro- 
motes densification and acts as a cementing 
agent, compacts with sinterable properties were 
obtained. Hollow cylinders were produced by 
hot pressing for 5 min at 1530°C at a pressure 
of 2500 psi. The cylinders were enclosed in 
stainless-steel cans which were tack welded and 
then furnace brazed with Nicrobraze. 

(G. W. Cunningham) 
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CLADDING AND STRUCTURAL MATERIALS 





Corrosion 


Zirconium 

In the field of zirconium corrosion, major 
effort is being focused on two problem areas: 
(1) the stringer type corrosion phenomenon 
noted for Zircaloy-2 compositions and (2) the 
absorption of hydrogen by zirconium-base ma- 
terials during exposure to high-temperature 
water and steam. 

Experimental work performed at Bettis'’? and 
other installations’ on the mechanism of the 
growth of the stringers has indicated that 
vacuum-melted materials are more immune to 
stringer corrosion than are inert-atmosphere- 
melted alloys. In addition it has been found that 
fabrication and heat-treatment history influence 
corrosion behavior in high-temperature water 
and steam. On the basis of these observations, 
a theory has been proposed to explain the 
mechanism of the growth and formation of 
stringers in the Zircaloy alloys. It is postulated 
that changes in the melting process and the use 
of sponge Zircaloy fuel material have led to the 
retention of magnesium or MgCl, in the vapor 
state in the molten-zirconium pool. Under a 
static inert atmosphere, some magnesium or 
MgCl, may be trapped in the molten metal 
during solidification. It is contended that at 
1700 to 1750°C these impurities act like a gas; 
i.e., on cooling they leave a void in the as- 
cast structure. During cooling to room tem- 
perature, the magnesium will deposit on the 
surface of the void while the chlorine will 
diffuse into the zirconium lattice. The presence 
of voids in the structure has been established 
by radiographs. 

During subsequent forging and rolling, the 
molten magnesium in the voids does not diffuse 
into the surrounding zirconium but rolls out in 
the voids as long stringers in the plate. As 


| tabrication proceeds in the alpha-beta region, 


he magnesium-rich area acts as a nucleation 
ite for the precipitation of zirconium-tin- 


| iron-nickel and chromium intermetallic com- 
_ pounds. Research at the Naval Research Labo- 


ratory (NRL)‘ has indicated that the stringered 
areas contain as much as 8 wt.% iron and 1 
wt.% nickel. Subsequent heat-treatment also is 
an important factor in the formation and growth 
of the stringered areas. 

The above theory appears to explain rather 
well the mechanisms involved in the formation 
of the stringers. Meanwhile, vacuum melting 
and controlled heat-treatments have minimized 
the stringer corrosion problem. 


At the present time the pickup of hydrogen 
by zirconium alloys in pressurized water is of 
primary concern. In recent months there have 
been three cases of in-pile failures directly 
related to excessive hydriding of the Zircaloy 
cladding.’ Although the mechanism of the cata- 
strophic hydrogen pickup is only conjecture, 
work at Bettis™* and Knolls has indicated 
several interesting trends: (1) some zirconium- 
base materials, particularly Zircaloy-2, with 
increased nickel content can absorb both mo- 
lecular and atomic hydrogen during exposure to 
high-temperature water; (2) thermal-gradient 
experiments have shown a strong tendency for 
hydrogen to be concentrated in the cold end of 
the fuel element; and (3) nickel and platinum 
appear to promote hydrogen pickup by the 
Zircaloy-2. In certain types of fuel-element 
construction, a nickel barrier is used to pre- 
vent diffusion of the core material into the 
cladding. In such cases the nickel content of 
the Zircaloy-2 may be of the order of 0.5 wt.%. 
It is in these areas that heaviest hydriding has 
been observed. It has been postulated that 
nickel or platinum may act as catalysts and 
absorb hydrogen, which in turn diffuses into 
the zirconium. 


The factors which affect the oxidation be- 
havior of zirconium are the subject of investi- 
gations at Case Inst. of Tech.*-'® and Argonne."' 
Oxygen partial pressures of from 50 to 800 mm 
do not appear to affect rates significantly. The 
values of the log-log slopes indicate that the 
same rate law (cubic) applies at all pressures. 
Studies comparing the oxidation kinetics of a 
series of binary zirconium-base alloys have 
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indicated that iron and chromium alloys and a 
1.08 at.% platinum alloy follow the same cubic 
rate law as does unalloyed zirconium. However, 
tin alloys and 2 to 4 at.% platinum alloys differ 
in oxidation-rate behavior from pure zirconium. 
During initial exposure, these alloys follow the 
cubic rate law; but after a period of time, 
they exhibit an accelerating oxidation behavior 
(breakaway), which follows a different rate law. 


Aluminum 


Considerable effort, both in the United States 
and Canada, continues to be directed toward 
obtaining an understanding of the mechanism 
and kinetics of the aqueous corrosion of alu- 
minum. The data being obtained at Hanford,'”’' 
Argonne,'' and Chalk River show that aluminum 
can be made resistant to high-temperature 
water by small additions of nickel, iron, and 
copper. Of these alloys, the aluminum-nickel 
appear to be the most promising. However, 
improvement is needed in diminishing the thick- 
ness of the corrosion films and increasing the 
strength of the alloys at service temperatures. 


Stainless Steel 


The austenitic stainless steels and super al- 
loys are of interest as cladding materials for 
use in gas-cooled reactors. Recent investiga- 
tions have shown that types 316 and 310 stainless 
steel, Alloy A286, and Carpenter 20 Cb possess 
reasonable resistance to oxidation and nitriding 
at 1600°F, under a stress of 1000 psi. Best 
results, however, were obtained at low hu- 
midities (-65°F dew point). Of particular in- 
terest was the presence of sigma phase in the 
type 310 stainless steel and the Carpenter 20 
Cb alloy after 100 hr at 1600°F. For the most 
part, however, the sigma phase was scattered 
and did not result in any significant loss in 
ductility. 

The susceptibility of stainless steels to chlo- 
ride stress-corrosion cracking also must be 
considered in reactor applications. A program 
at Bettis’ has indicated that cracking canoccur 
when the water contains as little as 1 ppm of 
chlorides. In addition to chlorides, oxygen 


plays an important role in the stress-cracking 
mechanism. Some evidence has been obtained 
which indicates that nitrates added to the 
water (1:1 ratio of nitrate to chloride) will 
minimize cracking of austenitic stainless steels. 

(W. K. Boyd) 


Niobium 

Recent work by Gulbransen and Andrew’® i, 
0.1 atm of oxygen has shown that niobiun 
undergoes a transition from parabolic (pro- 
tective). to linear (nonprotective) oxidation be- 
havior at ~400 to 500°C. At 375°C the oxidation 
behavior is parabolic. However, linear oxi- 
dation is apparent after 4 hr at 400°C, and 
at 500°C oxidation is completely linear. This 
transition is apparently associated with the 
appearance of small blisters in the scale, as 
observed by Oak Ridge’® and discussed in the 
previous Review. The oxide was identified as 
Nb,O; at 375 to 700°C, giving further indication 
that the transition in oxidation behavior is a 
result of mechanical instability of the Nb,O, 
film, rather than the formation of an oxide of 
different composition. 

Work at Horizons, Inc., and Battelle has shown 
that thorium and tungsten are effective alloying 
additions for improving the high-temperature 
oxidation resistance of niobium alloys containing 
titanium, chromium, molybdenum, vanadium, 
or aluminum. At Horizons'’ the addition of 
1 wt.% thorium toaniobium — 25 wt.% titanium —2 
wt.% molybdenum alloy cut the oxidation rate of 
the alloy by 50 per cent at 1093°C (2000°F). 
Thorium also improved the oxidation resistance 
of niobium -5 wt.% chromium — 5 wt.% aluminum. 


Table IV-1 WEIGHT GAINS DURING AIR OXIDATION OF 
NIOBIUM AND NIOBIUM ALLOYS COMPARED WITH 
80 WT.% NICKEL—20 WT.% CHROMIUM* 

Weight gain after 1 hr at 
indicated temperature, 








mg/cm? 

Composition, wt.% 1000°C 1093°C 1200°C 
Pure Nb 30.1 36.5 108 
Nb—22W 32.5 26.4 
Nb—10Ti-—1.5Cr 3.0 23.3 
Nb—10Ti-—4.0V 5.8 17.4 
Nb—25Ti—2Mo-—-1Th 13.4 
Nb-—5Cr-—5Al-—1Th 11.7 
80Ni—20Cr 0.074 0.172 0.36 

*Data by Horizons, Inc., Cleveland, Ohio. 


The 1-hr weight gains of some of these alloys 
are presented in Table IV-1. These alloys are 
10 to 20 per cent more oxidation resistant than 
alloys discussed in the previous Review, but the 
rates are still about 50 times greater than 
that of 80 wt.% nickel-20 wt.% chromium. Em- 
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phasis at Horizons has now shifted from alloy 
development to application of protective clad- 
dings since doubt exists that an alloy can be 
developed for service in oxidizing atmospheres 
at 1371°C (2500°F). Initial results of this work 
indicate that flame-sprayed Fecral may be an 
effective oxidation barrier. 

Battelle’®.'® has shown that binary alloys 
containing 14 to 22 wt.% tungsten form pro- 
tective scales and oxidize parabolically at 
1200°C, although the behavior is linear at 
lower temperatures. Ternary alloys containing 
titanium and chromium and titanium and va- 
nadium also exhibited good oxidation resistance. 

Results of a study of the niobium-hydrogen 
reaction’® indicate that the rate of absorption 
of hydrogen in niobium is controlled by a sur- 
face reaction rather than by diffusion of hy- 
drogen in niobium. The diffusion coefficient 
was measured and found to be 


D (cm’/sec) = 1.5 exp (19,140/RT) 
where D = diffusion coefficient, cm’/sec 

R = the gas constant, cal/(mole)(°C) 

T = temperature, °K 


Molybdenum 
The reaction of molybdenum with dry air at 


900 to 1800°F has been studied recently by 


Jones et al.”° The oxide layer consisted of 
and two unidentified lower oxides of 
molybdenun. At 524°C the scales were adherent 
and protective for about 20 hr, but after 1 hr 
at 649°C, volatization of solid MoO, destroyed 


_the protective scale, and oxidation proceeded 


at a rapid linear rate. Oxygen ions migrated 
through the scales to the metal-oxide interface. 


_ The rate of formation of the lower oxides was 


equal to the rate of oxidation of the lower oxides 
to MoO,; thus during linear oxidation, the 
thickness of the lower oxides remained con- 
stant. Work is proceeding at the National 
Bureau of Standards (NBS)*! on the development 
of a nickel-base cladding material for pro- 
tection of molybdenum, but no significant results 
are yet available. (W. D. Klopp) 


Nickel and Nickel-base Alloys 


In research at Lewis Flight Propulsion Labo- 
ratory”? on the effect of environment on the 


{ levated-temperature stress-rupture proper- 
tes of nickel, stress-rupture tests were per- 
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formed at 1500°F in molten NaOH, air, and 
argon. No stress corrosion was observed in the 
NaOH tests, but, as in other high-temperature 
studies involving NaOH-nickel systems, mass 
transfer of the nickel was encountered. Com- 
parison of the stress-rupture properties of 
nickel in air and in argon showed that the 
properties were superior in air. Similar ob- 
servations have been made on structural alloys 
designed for use at high temperatures; this is 
logically explained by internal-oxidation effects 
since these alloys commonly contain small 
amounts of highly refractory metals. The longer 
stress-rupture times of nickel in air are 
attributed to intergranular oxidation, surface 
oxidation, and internal defects, which will block 
the normal movement and annihilation of 
dislocations. 

Investigations of the oxidation kinetics of 
nickel-base alloys for high-temperature service 
were continued at the NBS.”%»4 Both Inconel 
and Inconel X were examined in the temperature 
range from 1450 to 1600°F. The activation 
energies and rate constants for the oxidation 
reaction of these alloys were determined. Ac- 
tivation energies for Inconel and Inconel X 
were calculated as 72,300 and 56,900 cal/(mole) 
(°C), respectively. (These are compared with 
values of 58,900 for Hastelloy R-235 and 57,200 
for Hastelloy W, as determined previously.) Ob- 
servations of the oxidation of these alloys under 
stress indicated that the rate of oxidation is, to 
some extent, dependent on the stress level. An 
interesting cyclic deviation from parabolic be- 
havior was suggestive of a‘ cr .ck-heal” mecha- 
nism of oxidation. 

Babcock & Wilcox workers,”® investigating 
Inconel X exposed to high-temperature water 
(600°F at 2000 psig), found excellent resistance 
to corrosion under these conditions. 


Chromium and Chromium-base Alloys 


Tests at Ames” to determine the corrosion 
resistance of chromium and chromium-base 
alloys in water at 570°F and air at 930°F were 
extended to include exposures up to 60 days. 
Results of these tests corroborated previous 
results which demonstrated that minor additions 
of yttrium to both chromium and chromium- 
vanadium alloys enhanced the corrosion re- 
sistance under the above conditions. 


Work was completed at Battelle on the evalua- 
tion of the oxidation resistance at 2000°F of 
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chromium-base binary alloys containing from 
1 to 20 wt.% tungsten, iron, vanadium, manga- 
nese, ruthenium, and rhenium. None of the 
alloys tested had improved oxidation resist- 
ance over unalloyed chromium; in particular, 
the chromium-20 wt.% vanadium exhibited se- 
vere oxidation, about 35 times that of unalloyed 
chromium. 


Magnesium and Magnesium-base Alloys 


Because of the complete compatibility of 
magnesium and uranium over the entire solid- 
State temperature range, and because mag- 
nesium has good nuclear properties, a mag- 
nesium alloy is being used for the cladding of 
reactor fuel elements in the British CO,-cooled 
Calder Hall reactors. The principal deterrent to 
a more widespread use of magnesium is its rela- 
tively poor corrosion and oxidation resistance. 

A recent comprehensive literature survey 
was conducted at Oak Ridge”’ to compile ex- 
isting information on gas-metal corrosion of 
magnesium in air, oxygen, carbon dioxide, 
and sulfur dioxide. The oxidation of magnesium 
exhibits exponential behavior up to 840°F and 
is linear above about 950°F. Self-heating of the 
oxidation reaction at temperatures in excess of 
about 905°F leads to the well-known pyro- 
phoricity of magnesium and its alloys. The 
ignition temperature varies with the alloy, being 
lowered by elements typified by nickel, copper, 
and aluminum and raised by beryllium, cerium, 
and lanthanum (which also markedly reduce the 
oxidation rate). The ignition temperature is 
pressure sensitive but in an anomalous fashion. 

In pure CO, and SO, the oxidation of magne- 
sium and magnesium alloys is negligible at 
1020°F, but at higher temperatures pyrophoric 
behavior is still encountered, although the 
products of reaction do not always include MgO. 
At the melting point of magnesium (1202°F), 
ignition will occur in stagnant CO,, but the 
reaction is readily extinguished by imparting 
motion to the atmosphere. When oxygen is di- 
luted with CO,, SO,, or nitrogen, these diluting 
gases tend to poison the oxidation reaction, 
thereby minimizing the danger of pyrophoricity 
through self-heating. 

Of the previously described methods of con- 
trolling oxidation and pyrophoricity in mag- 
nesium and magnesium alloys, alloying, par- 
ticularly with beryllium (quantities less than 
1 per cent), has been the most effective method. 


Magnesium alloys are totally unsuited as 
cladding materials for use in aqueous reactors 
Corrosion studies at ANL”® have demonstrate: 
that high-purity magnesium disintegrates very 
rapidly in water at 120 to 150°C. Alloys con- 
taining -aluminum, zinc, and manganese, al- 
though more resistant than the unalloyed ma- 
terial, show excessive attack. Typical corrosion 
rates at 150°C were of the order of 1400 
mg/(dm’*)(day). (E. S. Bartlett) 


Corrosion by Liquid Metals and Fused Salts 


Over the years there have been numerous 
investigations to find materials to contain NaOH 
in the 1500°F range. These invariably yielded 
very discouraging results from the corrosion 
and mass-transfer viewpoints. Recently, work 
along this line has been in progress at both 
ORNL and National Advisory Committee for 
Aeronautics (NACA). Inthe NACA investigation”® 
the corrosion resistance to 1500 and 1700°F 
NaOH of 11 nickel-base compositions (seven 
solid solutions, based on copper, molybdenum, 
zirconium, tin, niobium, manganese, and silicon, 
and four two-phase materials, based on tita- 
nium carbide, manganese oxide, aluminum oxide, 
and titanium) was investigated in 24-hr thermal- 
gradient capsule experiments. Of the alloys 
tested, only nickel plus 30 wt.% copper ex- 
hibited resistance to attack comparable to that 
of nickel; this material still exhibited mass- 
transfer tendencies similar to those of nickel. 
In the investigation at ORNL, several broad 
aspects of the NaOH corrosion situation have 
been pursued. Studies” of the corrosion behavior 
of nickel-rich alloys containing molybdenum 
(10 to 25 wt.%) and iron (10 to 33 wt.) in 
1500°F caustic (100 hr) indicated that the 
alloying constituents were selectively removed 
from the nickel and left subsurface porosity 
to depths ranging from 1 to 6 mils. Although 
this subsurface effect is not characteristic of 
the corrosion of nickel by NaOH, it was also 
found with Inconel.*' In this case the con- 
stituents leached were iron and chromium and, 
at 1500°F, the zone affected was about 8 mils 
deep after 100 hr. Corrosion-product layers 
were formed at the surface of the Inconel; 
these consisted of a metallic and a nonmetallic 
phase. The metallic phase contained nickel and 
a small amount of iron and chromium, the in- 
gredients of the base Inconel; the constituents 
of the nonmetallic phase were not positively 
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identified, although it is suspected that oxides 
and sodium oxysalts were present. 

Corrosion loop studies,” in connection with 
the Molten Salt Reactor, are directed toward 
evaluating the long-time compatibility of struc- 
tural materials with fluoride salts and sodium. 
Peak temperatures in the experimental systems 
are in the 1200 to 1350°F range. Test salts 
will include (1) beryllium-bearing fuels, (2) 
zirconium-base fuels, (3) fuel mixtures con- 
taining thorium for breeding, and (4) nonfuel- 
bearing fluoride mixtures for use as secondary 
coolants. In work to date Inconel has been 
examined in a 1000-hr convection-loop experi- 
ment (1200°F peak temperature) with NaF- 
BeF-UF, (53-46-1 mole %) and found to have 
excellent resistance to attack. Some hot-zone 
surface roughening was evident, along with 
intergranular attack to 0.2 mil after the run; 
cold-zone deposition was not present. The 
chemistry of the fluoride salt corrosion process 
with materials such as Inconel is discussed. 

The resistance of a broad group of materials 
to attack by NaK was evaluated at Battelle in 168- 
hr tilting-furnace-capsule experiments* (maxi- 
mum temperature ~-1600°F, minimum tempera- 
ture ~1200°F). The materials chosen for 
screening were those which had potential utility 
for special flow-system components, such as 
valve plugs, shaft-seal facings, and bearings. 
Alloys, pure metals, cermets, and ceramics 
were tested. To be regarded as promising for 
components service, a material should not be 
attacked to a depth greater than 1 mil during 
the exposure. Typical materials which met this 
severe requirement were molybdenum, Hastel- 
loy B, Inconel X, several WC- and TiC-base 
cermets, and ceramics such as TiC, WC, and 
BeO. Of these, molybdenum and WC bonded 
with cobalt were outstanding. By virtue of this 
and other attributes, such as high-temperature 
strength and relatively low diffusion-rate char- 
acteristics, these materials are promising can- 
didates for use in NaK-exposed components, 
where resistance to self-bonding, galling, and 
wear is demanded. 

A survey report™ presented at the Paris 
Conference comprehensively reviews existing 
cnowledge of the corrosion of uranium, thorium, 
and uranium alloys in sodium and organics. In 
the case of sodium the important points made 
nclude (1) metal fuels exposed at temperatures 
ip to 750°C, in both static anddynamic systems, 
»xhibit a very low corrosion rate, (2) the de- 
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gree of corrosion is markedly influenced by the 
oxygen content of the liquid metal, and (3) there 
is no effect of irradiation on corrosion rate 
(data available up to 600°C). In the case of 
organics the data on hand are relatively meager. 
However, it is stated that the general resistance 
of uranium and uranium alloys (and presumably 
thorium) to attack by organic fluids prominent 
in the reactor-coolant picture (biphenyl and de- 
rivatives) is generally poor but not cata- 
strophic. According to the author, “... no fuel 
alloy can be recommended for use without 
cladding in an organic-cooled reactor. Cor- 
rosion rates are low enough to ensure that no 
operating problem would result if there were a 
cladding failure, with almost any metal-fuel 
alloy.” 

Sodium Deuterium Reactor (SDR) studies 
have included an investigation of designs and 
materials which can be used to form a barrier 
between a fuel-coolant tube and an outer bar- 
rier wall.*® The test employed in this evaluation 
features a jet of 950°F sodium issuing from a 
3/32-in. nozzle (jet velocity ~50 fps) and 
impinging for a few minutes on a thickness of 
prospective barrier material. This test simu- 
lates the situation occurring in the event of a 
leak in a fuel-coolant tube. In experiments to 
date it has been found that aluminum (which is 
attacked by high-temperature sodium during 
long exposures) may be useful in the intended ap- 
nlication, inasmuch as aluminum sheet samples, 
v.060 in. thick, have resisted gross damage 
during jet-impingement tests. Reactor-grade 
graphites have also withstood this treatment 
well. Materials such as zirconium and stainless 
steels are not particularly affected, but these 
are less attractive than aluminum from view- 
points such as cost and cross-section char- 
acteristics. 

Sodium exposures produce swelling in graph- 
ites and, at elevated temperatures, result in a 
general deterioration. It has not generally been 
believed that sodium-graphite compound for- 
mation is responsible for this behavior in the 
usual circumstance. Work at Harwell,” how- 
ever, has provided evidence for the existence 
of a lamellar compound of sodium with graphite 
at ordinary temperatures; the compound has the 
composition C,,Na. The presence of this com- 
pound in the graphite matrix was found to 
increase the average layer spacing ~5 per cent 
(from ~3.35 A to 3.50 A). Although the normal 
swelling of graphite in sodium promotes di- 
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mensional changes of only 0.5 to 1 per cent, 
it seems apparent that the increased layer 
spacing contributes to the swelling effect. It 
is suggested that the smaller magnitude of 
actual swelling stems from anisotropy of crys- 
tallite orientation. 

A series of abstract bulletins covering the 
current literature on liquid metals is being 
prepared at MSA Research Corporation. The 
bulletins, which cover the field comprehensively, 
are issued approximately bimonthly.*’’** Inter- 
ested parties may be placed on the mailing 
list by writing to MSA Research Corporation, 
Document Control, Callery, Pa. (J. H. Stang) 


Selected Mechanical Properties of 
Cladding and Structural Materials 


Zirconium and Zirconium Alloys 


High-strength zirconium alloys prepared by 
Nuclear Metals***? for aging studies include 
zirconium-5.45 wt.% molybdenum-1.81 wt.% 
aluminum, zirconium —3.06 wt.% tantalum —1.90 
wt% tin, zirconium-5.3 wt.% niobium-1.70 
wt.% aluminum, and zirconium-4.59 wt.% 
tantalum-2.02 wt.% tin alloy. The room- 
temperature tensile strengths are given in 
Table IV-2. The tensile strength of the 


Table IV-2 ROOM-TEMPERATURE TENSILE 
PROPERTIES OF AGED ZIRCONIUM-BASE 








ALLOYS* 
Time Tensile 
and strength, . Elonga- 
Composition, wt. ¥ temp. 1000 psi__—_—ittion, & 
Zr-—5.45Mo—1.81Al 40 hr at 134 4.38 
500°C 
Zr—3.06Ta—1.90Sn 80 hr at 40 31.2 
600°C 
Zr—5.3Nb-—1.71Al 4¢C hr at 155 4.7 
500°C 
Zr—3.06Ta—1.90Sn 40hr at 99.5 34.5 
600°C 





*Data by Nuclear Metals, Inc., Cambridge, Mass. 


zirconium~—3.06 wt.% tantanlum-1.90 wt.% tin 
alloy was not appreciably less at 500°C. The 
zirconium-4.59 wt.% tantalum-2.02 wt.% tin 
alloy showed little response to aging treatment. 

Surface roughening and distortion of uranium 
generally associated with thermal cycling of 
uranium was reduced considerably by cladding 


with solution-treated and aged zirconium alloys 
of similar compositions. A comparison was 
made between uranium clad with zirconium, 
zirconium~—5.0 wt.% molybdenum —2.0 wt.% tin, 
and zirconium-5.0 wt.% niobium-2 wt.% tin 
alloys.-The alloys were solution-treated at 830°C 
for 2 hr and water-quenched. The zirconium- 
molybdenum-tin alloy was aged 48 hr at 482°C, 
and the zirconium-niobium-tin alloy was aged 
8 hr at 538°C. All clad samples were heated to 
482°C, held for 48 hr, and water-quenched. The 
clad specimens were thermally cycled 700 times 
between room temperature and 550°C. The 
results also showed the 0.020 in. of cladding 
was necessary to prevent bowing of the ura- 
nium cores during thermal cycling. 

A study of the deformation process of zir- 
conium and zirconium-oxygen alloys has been 
initiated in an attempt to determine the defor- 
mation modes (slip and twinning) at 77.3°K, 
300 to 400°C, and 600°C. Large-grained zir- 
conium has been prepared for this study by 
heating at 1200°C for 4 hr and subsequently 
soaking at 840°C for 10 days and then re- 
peating the cycle. Grains ‘4 by ‘4 by % in. 
have been prepared. 


Zircaloy-2 and -3 


The effect of heat-treatment on Zircaloy-2 is 
being investigated at Bettis.‘ The tensile prop- 
erties of Zircaloy annealed 8 hr at 1450°F are 
not altered by annealing. Annealing at 1850°F 
for 8 hr, however, raises the yield strength and 
reduces the ultimate strength and the ductility. 

No apparent differences in the hardness of 
Zircaloy-2 «and -3 annealed in vacuum and 
those alloys annealed in helium were noted by 
workers at Hanford.“ The materials were cold- 
worked 10, 25, and 50 per cent, then annealed 
in vacuum and helium at 300, 400, 500, 600, 
700, and 800°C for 10, 100, and 1000 min. 

The mechanical properties of base-annealed 
and hot-rolled Zircaloy-2 and -3 in torsion at 
room temperature were determined at Bettis. 
Hollow cylinders were used as specimens. The 
shear moduli for base-annealed and hot-rolled 
Zircaloy-2 were 5.26 x 10° and 5.22 x 10° psi, 


respectively, and for Zircaloy-3 were 5.46 x 10° | 


and 5.12 x 10° psi. The 0.2 per cent offset yield 
strengths of Zircaloy-3 annealed and hot-rolled 
in torsion were 30.9 x 10° and 28.9 x 10° psi, 
respectively. There was no great difference be- 
tween the properties of annealed and hot-rolled 








Nm) 


~ J 








\oys 
was 
um, 
tin, 
} tin 
0°C 
um- 
PC, 
aged 
1d to 
The 
mes 
The 
ding 
ura- 


zir- 
been 
for - 
3 °K, 
zir- 
ly by 
ently 

re- 
Ma in. 


'-2 is 
or op- 
F are 
50°F 
h and 
tility. 
ss of 
1 and 
ed by 
cold- 
ealed 
. 600, 


vealed 
ion at 
settis. 
3. The 
rolled 
* psi, 


} x 10°F 


t yield 
rolled 
* psi, 
ce be- 
rolled 


——.. - 








CLADDING AND STRUCTURAL MATERIALS 39 


Zircaloy-2 and -3 as determined at room 
temperature by torsion tests. 

The effect of biaxial stresses on the ductility 
of Zircaloy-2 is being studied at Knolls by 
means of short- and long-time tests. A short- 
time test with o,/0, ratio of ‘4 was run at room 
temperature. The results are 


True strain, True stress at 


Direction % failure, psi 
Radial —27.3 —8,900 
Tangential 35.0 216,000 
Axial —7.7 — 104,000 


The creep properties of 15 per cent cold- 
worked Zircaloy-2 are being studied at Battelle 
over the 290 to 400°C temperature range.'®-45 
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Figure 1—Effect of hydrogen on the yielding of 
Zircaloy-2. Data by Knolls Atomic Power Laboratory, 
Schenectady, N. Y. 


Tests have been in progress ~3000 hr. Stress- 
rupture and long-term tests are being run to 
determine the total elongation associated with 


the transition from second- to third-stage 
creep and the elongation observed at rupture. 
One test was discontinued after 2000 hr, the 
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Figure 2—Effect of hydrogen on the ductility of 
Zircaloy-2, O, transverse direction. O, longitudinal 
direction. Data by Knolls Atomic Power Laboratory, 
Schenectady, N. Y. 


load was removed, and the specimen was cooled 
in vacuum. It was again brought to temperature 
and reloaded with no apparent deviation from 
the original creep curve. 

The effect of hydrogen on the tensile prop- 
erties of Zircaloy-2 has been investigated at 
Knolls. Tests were conducted on annealed speci- 
mens cut perpendicular and parallel to the 
rolling direction from the rolled sheet. They 
were hydrided at 600°C by adding 50 to 1200 
ppm of hydrogen at six specific levels. Tensile 
tests were conducted at room temperature and 
at 0.025 in./(in.)(min). Data indicate signifi- 
cant changes in the yield behavior with increasing 
hydrogen content. These changes are illustrated 
in Figs. 1 and 2. The results are presented in 
Table IV-3 and include data from Bettis on 
Zircaloy-2 containing <40 ppm of hydrogen. 
The change in yield behavior appears to be 
complete at concentrations of 400 ppm of hy- 
drogen. A minimv=m yield strength was observed 
for a concentration of 50 to 100 ppm of hy- 
drogen. A study was made of samples hydrided 
under 8000 psi bending stress by three-point 
loading; the samples were held in a hydrogen 
atmosphere at 400°C for 6 hr and then furnace- 
cooled. Results observed by sectioning a sample 
containing 200 ppm of hydrogen showed: 
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Table IV-3 EFFECT OF HYDROGEN ON ZIRCALOY-2 CLADDING MATERIAL* 








Yield strength Ultimate tensile Reduction in 
(0.2 offset), psi strength, psi area, % Elongation, % 
Hydrogen, Trans- Longi- Trans- Longi- Trans- Longi- Trans- Longi- 
ppm verse tudina) verse tudinal verse tudinal verse tudinal 
0 50,578 46,686 55,686 57,460 63.9 54.7 25.0 28.9 
40 52,000 40,220 66,000 61,000 
50 50,134 45,835 56,720 58,018 61.7 53.3 25.0 28.5 
100 49,261 45,596 56,486 58,410 58.8 52.4 23.8 29.1 
200 48 ,960 46,129 56,320 59,355 59.1 51.7 21.9 25.8 
400 49,090 46,414 59,428 62,090 55.1 59.7 22.6 25.8 
600 50,987 48,039 62,303 64,052 48.8 41.2 19.6 18.8 
1200 51,356 48,257 63,796 63,807 17.2 12.7 10.9 12.5 





*Data by Knolls Atomic Power Laboratory, 
Electric Corp., Pittsburgh, Pa. 


1. Hydride platelets in the plane of the sheet, 
both parallel and perpendicular to the rolling 
direction. 

2. Platelets formed perpendicular to the 
applied stress, however, appeared to be con- 
centrated on the tension side of the stressed 
sample. No sharp concentration gradient was 
observed in traversing from compression to 
tension side —only a gradual increase in con- 
centration. 

The flow-stress recovery at elevated tem- 
perature after cold-working of Zircaloy-2 has 
been investigated by Hanford.** It was observed 
that a significant and useful portion of the 
strain-induced strength can be retained after 
2x10‘ min at 350°C. Very little additional 
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Figure 3—Strain-cycle properties of fine- and 
coarse-grained Inconel tubular specimens tested in 
NaF-ZrF,-UF, at 1500 and 1600°F. Data by Oak Ridge 
National Laboratory, Oak Ridge, Tenn. 


Schenectady, N. Y., and Bettis Plant, Westinghouse 


recovered strength is gained by an additional 
10 per cent cold-working. In fact, no difference 
was observed between yield strength of 15 and 
25 per cent cold-worked material after the 
recovery treatment. 


Nickel-base Alloys 


The mechanical properties of Inconel and a 
nickel-base molybdenum alloy (nominal compo- 
sition 17 wt.% molybdenum —7 wt.% chromium — 5 
wt.4 iron—balance nickel, designated as 
INOR-8) in fused salts have been investigated 
at Oak Ridge in the 1300 to 1600°F temperature 
range. Some physical properties of INOR-8, 
developed for use with fluoride fuels at 1500 to 
1800°F, are 


Density, 8.79 g/cm’ 

Elastic modulus at room temperature, 32 x 
10° psi 

Coefficient of thermal expansion: 


Temp., °F tin. /(in.)(° F) 


212-1832 8.6 
212-752 7.0 
752-1112 8.4 
1112-1800 9.9 


The 100-hr stress-rupture strength in fluoride 
fuels at 1800°F is >3000 psi. 

The strain-cycle properties were determined 
for fine- and coarse-grained Inconel to evaluate 
the effect of strain reversals on the subsequent 
creep properties. The results of strain-cycle 
tests at 1500 and 1600°F in fluoride fuel are 
shown in Fig. 3, indicating very little change 
in behavior on increasing the temperature 
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Figure 4—Creep curves of Inconel tubes tested at 
1500°F in argon after prior strain cycling at 1500°F. 
Data by Oak Ridge National Laboratory, Oak Ridge, 
Tenn. 
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Figure 5—The effect of prior strain cycling at 1500°F 
yn the creep properties of Inconel at 1500°F. Speci- 
mens creep tested at 7000 psi in argon. Data by Oak 
Ridge National Laboratory, Oak Ridge, Tenn. 
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Figure 6—Creep curves of Inconel tubes biaxially 
stressed and tested in argon at 1500°F. Data by Oak 
Ridge National Laboratory, Oak Ridge, Tenn. 
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are reduced within the first 100 cycles. The 
effect of 300 and 500 cycles is not one of 
further reduction in strength; however, total 
elongations at rupture and rupture life are 
less than those for 100 prior cycles. On the 
basis of this, it appears that designing for 
creep without considering strain cycling would 
be very optimistic. 

A series of tests at 1500°F and 4000 psi was 
conducted on Inconel specimens prepared from 
100°F. An investigation was made of the effect 
of various numbers of 0.83 per cent total plastic 
strain cycles on the subsequent creep prop- 
erties under 7000 psi at 1500°F in argon. The 
data obtained are shown graphically in Figs. 4 
and 5. The creep strength and the rupture life 
in. pipe to study creep under biaxial stress 
conditions. Attempts are being made to correlate 
creep rate and rupture data from uniaxial tests 
with data using biaxial stress conditions. The 
data are shown in Figs. 6 to 9 and are sum- 
marized in Table IV-4. The data indicate that: 

1. The creep rate is independent of state of 
stress and independent only on the stress in the 
axial direction in those tests where the stress 
ratio o,/0; is >'4. 

2. The sum of the three strains observed, 
without regard to sign, appears to be a better 
criterion for comparison of total strain at 
rupture than the greater strain taken as the 
representative deformation. (If the three strains 
are summed with respect to sign, the quantity 
is reasonably close to zero and indicates con- 
stancy of volume.) 

3. The correlation of rupture life as a function 
of the stress system has not been accomplished. 

(F. R. Shober) 
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Figure 7—Creep curves of Inconel tubes biaxially 
stressed and tested in argon at 1900°F. Data by Oak 
Ridge National Laboratory, Oak Ridge, Tenn. 
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Table IV-4 OCTAHEDRAL AND MAXIMUM SHEAR 
STRESSES OF BIAXIAL CREEP SPECIMENS 
TESTED AT 1500°F IN ARGOM* 








Octahedral Maxi.num 
Stress shear stress shear stress 

(o, /o,), psi (Tocy), psi (Tax) PSi 
4000/0 1890 2000 
4000/1000 1400 2030 
4000/2000 1560 2070 
4000/3000 1790 2100 
4000/4000 2020 2140 
5000/4000 1820 . 2140 
2000 /4000 1750 2140 
1000/4000 1790 2140 
0/4000 1960 2140 
— 1000/4000 2210 2500 
— 2000/4000 2520 3000 
— 3000/4000 2880 3500 
— 4000/4000 3270 4000 





*Data by Oak Ridge National Laboratory, Oak 
Ridge, Tenn. 
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Figure 8—Total strain at rupture of Inconel tubes 
creep tested at 1500°F under combined axial and 
tangential stresses. Data by Oak Ridge National Labo- 
ratory, Oak Ridge, Tenn. 
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Figure 9—Stress-rupture properties of Inconel tubes 
biaxially stressed and creeptested in argon at 1500°F. 
Data by Oak Ridge National Laboratory, Oak Ridge, 
Tenn. 


Niobium 

Westinghouse data‘’ on the mechanical prop- 
erties of high-purity niobium indicate that the 
elastic modulus does not fall off rapidly with 
temperature as previous data‘® had suggested. 
The moduli at room temperature and 400°C 
were determined dynamically as 16.9 x 10° and 
15.5 x 10° psi, respectively — much higher than 
the previously reported values of 12.4 x 10° and 
7.5 x 10° psi. (W. D. Klopp) 


Radiation Effects 
in Nonfuel Materials 


Basic Studies 


Tewordt® has calculated the distortion of a 
face-centered-cubic lattice (such as in copper) 
around an interstitial, a crowdion, and a va- 
cancy and has computed the formation energy 
for these defects. He obtained atomic volume 
changes of 1.7 to 2.0 for an interstitial, 1.1 to 
1.3 for a crowdion, and —0.53 to -—0.45 fora 
vacancy. Using lattice-expansion data for cop- 
per,*° he obtained a resistivity, for 1 at.% 
Frenkel defects, of between 2.2 and 2.6 yohm- 
cm. By comparison, Corbett et al.*' measured 
1.45 + 0.5 pohm-cm for electron-irradiated cop- 
per near 10°K. Potter and Dexter™ calculated 
2 vohm-cm for Frenkel defect and associated 
lattice strain. Although the calculations appear 
to be in good agreement, it is not yet possible 
to decide whether crowdions or simple inter- 
Stitials are produced, because of uncertainties 
as to the magnitude of lattice relaxation around 
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a vacancy, with resulting volume and resistivity 


@ 












































=) changes. Tewordt also calculated the possible x? 7 o6 uw 
1 distortion around an associated vacancy- = 6 7 
| interstitial pair, plus its stability. He concluded ws 5 -— 
| that the interstitial would move into the vacancy; ao qe 1836 MWO4 
1 therefore formation of associated pairs during oo 3 - -+— 
annealing is not probable. ON 2 ae 
Barnes et al.®* have interpreted theformation 22 , 
4 of gas bubbles by diffusion and capture of 7 / 
vacancies. Their observations on precipitation ee ae ee ee, oo. 
= of helium in annealed copper showed that a eee 
bubbles were formed initially at grain bound- Figure 10—FEffect of irradiation on the notched-bar 
aries. Rimmer and Cottrell™ have estimated Properties of ASTM-A-201 steel. Canadian data.” 
ibes the energies of interstitial or substitutional 
o°r. solution of helium, neon, argon, krypton, and pre epectenqrening: 
dge, xenon and have concluded that the gas atoms 3 9}——_7—_+—_J curve a—— 
would be expected to dissolve substitutionally ok 8 -+——- 
in copper and that the strain energy would > 7 
be reduced by capture of thermally generated i 
vacancies. The strain energy would be de- ag ° 
— creased sharply with nucleation of gas atom 0 . , ce © 
the clusters. Work has been done at Hanford on =N 2 | | 
with calculation of free energy of nucleation of gas oo — 
ted. at random sites, using the Volmer-Weber- ” 9 
orc Becker-Daring Theory. It was concluded that ee ee ee a oe 
and gas ions would go into solution for clusters <page Ihe 
than below a critical size. The free energy was Figure 11— Effect of heat-treatment after irradiation 
and found to be a minimum for spheres of 1.6 x 107° on the notched-bar properties of irradiated ASTM-A- 
opp) cm in diameter in the case of isotropic yielding oe anes. Sree Bi ireneenee cc pe oe s 
at 335°C (635°F), and air-cooled. Curve B, irradiated 
of the metal. 976 Mwd. Curve C, irradiated 993 Mwd, heated 6 hr 
Wittels*® has studied further the behavior of at 260°C (500°F) and air-cooled. Canadian data.™ 
3 irradiated quartz, showing the same volume 
als expansion, by hydrostatic and X-ray diffraction 
measurements, for exposures up to 3 x 10" he T= al) a oe ee ee ee 
neutrons/cm’. Above 8 x 10'* neutrons/cm’ Eo Le curv 8] _ RRADIATED, 59 
of a there is shearing and formation of amorphous ou gt J} SSURVE C) i we 2 
per) regions. The high-density silica, coesite, re- vs ¢r 44-4. +4 var t 
va- mained stable for the same neutron irradiation. ee ey ae <GURVE 2 : 
ergy Bray”™ has been investigating the application of au 6f—+14 i hs 
lume nuclear magnetic-resonance absorption meas- ot ST) 
1 to urements to the determination of defect con- "ryt 
for a centration. For fast-neutron irradiation of alkali li Ga 
cop- iodides, he obtained fair agreement with theo- o : ma 
at.% retical concentration; for KI, the observed 0 | } 
»yhm- concentration per atom was 2.26 x10‘, as ee ee a Oa 
ured compared to the calculated value of 5.58 x 10~¢. ras? 
cop- (A. E. Austin) Figure 12—Effect of irradiation on the notched-bar 
lated properties of HY-65 steel in various heat-treatment 
J conditions. Curve A, unirradiated, quenched, and tem- 
iated Effects of Irradiation on Mechanical Properties pered. Curve B, unirradiated, austempered, and tem- 
pear 5 ; pered. Curve C, unirradiated, normalized, and tem- 
sible The Canadians are investigating the ef- pered. Curve X, irradiated, quenched, and tempered. 
nter- fects of irradiation on the following construc- Curve Y, irradiated, austempered, and tempered. 
nties tion steels: ASTM-A-201, HY-65, HY-80, T-1, Curve Z, irradiated, normalized, and tempered. 
‘ound ASTM-A-203 Grade D, ASTM-A-302, and a 9 Canadian data.” 
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per cent nickel steel. Irradiations are being 
made at 49 to 68°C. Specimens are being ir- 
radiated under conditions where 900 Mwd equals 
6x 10'® nvt (above 500 ev). The results of 
irradiation on notched-bar properties for two 
of the steels are shown in Figs. 10 to 12. The 
effects of various levels of irradiation on 
notched-bar properties are in line with what 
has been found by other investigators for 
ferritic steels; i.e., as the total irradiation 
increases the transition temperature increases. 
Note that in the ASTM-A-201 steel, relief of 
the irradiation effects occurs on heating at 
635°F but not at 500°F. It has been shown 
that while irradiation does raise the transition 
temperature of a mild steel, it does not seem 
to affect the energy required to propagate a 
fast-running crack. 

Knolis®® found that the effect of irradiation 
on the properties of Haynes 25 and Inconel X 
compression springs under stress in high- 
temperature water (560 to 600°F) was to in- 
crease the spring constant, K. Stiffness in- 
creased with increasing exposure for Haynes 25 
but not for Inconel X. These findings are the 
reverse of those given by Zeno (Report KAPL- 
473), who showed that the effect of irradiation 
was to decrease K. 

Hanford studies*® of Zircaloy-2 confirm the 
findings of other investigators that the recovery 
of irradiation hardening effects occurs at lower 
temperatures than recovery of strain-hardening 
effects. (D. C. Martin) 
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Melting, Casting, and Hot 
and Cold Working 


A wealth of information on uranium and ura- 
nium alloy fabrication technology has been 
published recently in the papers that were 
presented at the Paris Conference on Fuel 
Elements during November 1957. Because of 
the wide scope, a brief review of the papers 
pertinent to this work will not be attempted. 
However, the titles are descriptive of their 
content and are completely listed in the refer- 
ences under the section Fuel and Fertile Ma- 
terials of this issue. 

Work on the production of unalloyed uranium 
ingots and shapes is mainly directed toward 
refinements in technology. The successful ap- 
plication by Battelle of air-induction melting 
techniques to the casting of large uranium 
ingots has been reported.' Best yields (96 per 
cent) were obtained under argon in graphite 
crucibles. No increase in the nitrogen or car- 
bon impurity content with holding time was 
noted. No difficulties were experienced with 
cast iron molds that were painted with alumi- 
num paint and baked previous to casting. How- 
ever, more recent attempts to determine the 
feasibility of casting hollow unalloyed uranium 
tubes in air by centrifugal casting procedures 
met with little success. The exposure of molten 
metal during the pouring operation and before 
freezing was excessive and resulted in poorly 
consolidated shapes of low quality. Equipment 
used was limited to that normally found in job 
foundries, and only relatively minor efforts 
were made to maintain a protective atmos- 
phere in the pouring spout and mold. The study 
concludes that a positive, high-quality, inert 
atmosphere must be maintained during the 
pouring and casting operation.” 

The casting of high-quality hollow cylinders 
of uranium in stationary graphite molds has 
been accomplished by Argonne.’ They encoun- 
tered some initial difficulties relating to the 
surfaces of the castings caused by a magne- 
sium deposit on the relatively cool mold walls. 


The magnesium, the product of a crucible 
MgO-uranium reaction at pouring temperature 
(1400°C) and low pressure, was prevented from 
causing difficulties by covering the mold cavity 
with a perforated foil of uranium metal. Al- 
though this prevented magnesium deposition on 
the mold, it did not impede the uranium pour 


stream. 
These beneficial results may be related to 


improvements effected at National Lead Co. of 
Ohio in the heating of graphite molds on a 
pilot-plant scale for production-size ingots.‘ 
Significant increases in slug yields (based on 
fabricated-slug surface quality) were demon- 
strated when the molds were heated and the 
holding time at the pouring temperature was 
increased. The improvement may be attributed 
to (1) more thorough outgassing of the molds 
previous to casting, (2) a decrease in the 
likelihood of magnesium (from charge and 
crucible wash) depositing in the mold, and (3) 
the liquation of impurities brought about by the 
lengthened melting cycle. Liquation of impuri- 
ties seemed to contribute most to the improved 
product. 

Argonne, Westinghouse, and Battelle are en- 
gaged in programs of research relating to 
vacuum melting of uranium and uranium alloys. 
Data, derived theoretically, on the metal-oxygen 
reaction in molten uranium were discussed in 
a recent report by Westinghouse.’ This evalua- 
tion preceded the current work on the reactions 
that take place in molten uranium-niobium al- 
loys. The equilibrium constant determined from 
experimental data gathered by measuring the 
pressure of CO above a series of uranium- 
niobium melts, held for 30 min, compares 
favorably with the calculated value. Specifically, 
it is hoped that the present studies will provide 
useful data on (1) the equilibrium constant, over 
a range of temperatures, for carbon and oxygen 
in solution in relation to the pressure of CO 
gas over the melt; (2) the variation of solubility 
of carbon and oxygen with alloy content; (3) a 
realistic lower limit for carbon and oxygen 
content in a uranium-niobium fuel; (4) the ef- 
fect of particular alloy species on the chemical 
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activity of carbon and oxygen; and (5) the equi- 
librium relation of the reaction O, (gas) — 20 
(in solution) as a function of alloy composition. 

Slightly different approaches to the same 
general problem are in progress at Argonne 
and Battelle. Argonne has gathered quantitative 
and qualitative data from 70 experiments in 
which uranium was held molten in contact with 
various ceramic materials. The reaction 
mechanisms observed fell into two general 
categories: (1) the oxides of beryllium, tho- 
rium, and zirconium react by ionic diffusion to 
form an outward-growing interfacial layer (the 
kinetics of such reactions are complex); and 
(2) alumina and magnesia react in a straight- 
forward manner. The substrates are corroded 
away from the formation of a nonprotective 
deposit of nearly pure uranium dioxide plus an 
equivalent amount of reduced metal. With alu- 
minum as the product, it appears in solution in 
the uranium, whereas with magnesium, it is 
volatilized away from the system of interest at 
an essentially constant rate. 

In a program initiated by National Lead, 
Battelle is attempting to relate the atmosphere 
over vacuum-induction-melted uranium with 
the species and quantities of impurities in the 
cast product. The atmosphere normally present 
at operational pressures of <5 x 10™' mm Hg 
was determined to be principally hydrogen, with 
lesser amounts of nitrogen, CO, CO,, O,, and 
H,O present.’ 

The possible implications of these studies on 
the quality of uranium and uranium alloy prod- 
ucts could be inferred from a recent publica- 
tion by Jones’ of the Metallurgical Product 
Department of General Electric. Although the 
report is based on data on vacuum-melted 
superalloys, it presents quantitative data that 
show improved physical properties with “better 
quality’? vacuum, the better quality being re- 
lated to the change in furnace-chamber pres- 
sure when it is isolated from the pumping 
system. This change, the result of air leaks 
and outgassing of furnace components, is a 
more valid measure of the quality of vacuum 
than the ultimate pressure that the system 
might attain. 

Several novel applications in the melting and 
casting of fuel materials are reported by 
Argonne, Harwell, and Nuclear Metals. Argonne® 
has reported good progress in the development 
of a remote method for refabrication of reactor 
fuels. Specifically, applied to the uranium-5 


wt.% fissium alloy, molten alloy has been in- 
jection-cast into clusters of hollow tubes that 
serve as molds. Fuel pins, ~0.150 in. in di- 
ameter by 15 in. long, have been cast success- 
fully by this method. Continued interest in this 
subject centers about three areas: (1) limita- 
tion of method in relation to the diameter and 
length of cast fuel pins, (2) improvements in 
surface condition of cast pins, and (3) refine- 
ment in the density variation of the finished 
fuel pins. 

Although the production of homogeneous cast- 
ings of aluminum-uranium containing up to 
20 wt.% uranium is now common practice, it is 
interesting to note a technique which is em- 
ployed at Harwell.’ The aluminum in this case 
is added to the crucible in two blocks. These 
blocks are separated by a perforated graphite 
platform on which are placed small pieces of 
enriched uranium. When the uranium goes into 
solution with the aluminum, the graphite floats. 
This causes contact with a graphite rod and 
closes a circuit which in turn energizes a light 
indicating that alloying is complete. The charge 
is usually held at around 900°C for about 30 
min to ensure alloying, and then the tempera- 
ture is lowered to 865°C and the méltis poured. 
Good sound homogeneous ingots are obtained 
by this process. 

In regard to containers for molten uranium 
eutectic alloys, Nuclear Metals workers have 
found’ that crucibles made of uranium-5 wt.% 
niobium alloy, and oxidized (400°C) so that a 
layer of oxide was formed, held molten ura- 
nium-5 wt.% chromium eutectic alloy for pe- 
riods of time up to 1 month at 860 to 950°C. 
Thermal cycling effected a breakdown of the 
oxide film, which was detrimental, and the 
nickel eutectic (uranium-11 wt.% Nichrome) 
could not be held for an extended period. It was 
suggested that if a partial oxidation layer, 
completely composed of UO, (as opposed to 
formation of U;0;), were possible, better cru- 
cible life might be realized. 

Of eight attempts by Nuclear Metals'® to 
pierce and extrude 8-in.-diameter billets in the 
gamma phase, only two complete tubes and two 
short-length tubes were produced. The best 
results were obtained with billets heated in 
graphite jackets in a gas-fired furnace, with 
no lubrication, and with an extrusion cycle that 
involved a high extrusion speed and no inter- 
ruption between the pierce-extrude operations. 
Less satisfactory results were obtained when 
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the billets were heated in salt because of its 
lubricating effects. 

In a study of the fabrication of sheet from 
cast-uranium plate, Los Alamos'! found that 
the characteristics of the finished sheet with 
respect to crystal orientation or directionality 
depend to a degree on the rolling schedule. A 
number of schedules using unidirectional roll- 
ing or various amounts of cross rolling, with 
or without intermediate anneals, were examined. 
The mechanical properties and the orientations 
imparted to the sheet by the several rolling 
schedules were also examined, and these helped 
to guide the evaluation of rolling schedules. 
The three basic rolling schedules developed 
produce sheet satisfactory for a variety of 
forming processes. These schedules are basic 
warm-rolling (300 to 325°C) schedules in which 
per cent reduction, rolling direction, and an- 
nealing treatment are varied to secure a low 
degree of directionality. The schedules, in the 
order of decreasing directionality in the rolled 
sheet, are Schedule 1: 60 per cent or more re- 
duction in one direction; Schedule 2: 60 per 
cent reduction in one direction, anneal (600 to 
625°C for 30 min), and another 60 per cent re- 
duction in original direction; Schedule 3: 60 
per cent reduction in one direction, anneal, 
25 per cent reduction in original direction, and 
cross roll 55 per cent reduction. The grain 
size of the sheet was affected by time and tem- 
perature of annealing and the per cent reduc- 
tion prior to annealing. The mechanical proper- 
ties of the sheet were altered appreciably by 
the method of annealing. Salt-bath (K,CO,- 
Li,CO;) annealing tended to embrittle the sheet, 
while vacuum annealing improved the ductility. 

Real improvement in Zircaloy ingot quality 
and resolution of some of the factors pertaining 
to the occurrence of stringers has been ob- 
served by Bettis. Evaluations made on Zirca- 
loy produced from different commercial sources 
and by different melting procedures showed that 
sponge from two suppliers has reduced strength 
and increased ductility. Vacuum arc-melted 
Zircaloy was also weaker than atmosphere arc- 
melted material. Presumably both differences 
noted are related to lower oxygen contents. 
Corrosion-test coupons from the wrought prod- 
uct of vacuum-melted ingots were free of cor- 
rosion defects; not one test coupon was ques- 
tionable because of stringer defects. 

Further studies on the relations existing be- 
tween fabrication procedure and the occurrence 
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of stringering have demonstrated the presence 
of two types: one attributable to gas voids in 
cast ingots which elongate during fabrication 
and the other caused by precipitation of inter- 
metallic compounds at grain boundaries. Again 
the vacuum-melted ingots exhibited fewer and 
smaller gas-void stringers. 

Stringers from the occurrence of intermetal- 
lics at the grain boundaries can be eliminated 
effectively by a beta-phase heat-treatment, 
followed by rapid cooling. In experiments con- 
ducted to establish the critical cooling rate to 
ensure adequate corrosion resistance of Zir- 
caloy-2, a minimum value of 90°F/min through 
the two-phase (a +8) region was derived. How- 
ever, ductility was decreased up to 50 per cent 
when specimens were either fast or slow cooled 
from the beta phase. Subsequent reheating for 
periods up to 8 hr in the (a + 8) phase area did 
not impair corrosion resistance, provided rapid 
cooling was employed. 

Two developmental activities from which the 
cost of Zircaloy was expected to be reduced 
have been reported. One, conducted at the 
Canton Drop Forge site,'? was concerned with 
the hot extrusion of two 1000-lb ingots (pre- 
heated in salt at 1750°F) to bars 1'4 and 2'/ in. 
in diameter. Although some galling in dies was 
experienced, the extruded product exhibited 
only slight surface irregularities. The other 
development relates to the upscaling in con- 
sumable-electrode arc melting by Harvey Alu- 
minum Corp. and Oregon Metallurgical Corp. 
Two-thousand-pound heats are being melted 
into ingots 16 in. in diameter. This upscaling 
is expected to reduce the cost of Zircaloy by 
$0.30/lb. 

Reports on current zirconium technology are 
presently being prepared by the Special Ma- 
terial Section, Core Engineering Department, 
Bettis Atomic Power Department.'*'® 

(E. L. Foster, Jr.) 


Cladding 


Roll Cladding 


A process was developed at ANL" for roll- 
cladding plate type fuel elements containing 
uranium-5 wt.% zirconium-1.5 wt.% niobium 
alloy cores integrally clad on all surfaces with 
Zircaloy-2. These plates were fabricated for 
the Experimental Boiling Water Reactor (EBWR) 
by roll-bonding assembled components inside 
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of steel jackets at 850°C with reductions of 
80 per cent in thickness to effect sound diffu- 
sion bonds between all component surfaces of 
the fuel element. The basic process used to 
prepare the EBWR plates consisted of as- 
sembling components of Zircaloy-2 cladding 
material in the form of cover plates, side 
strips, and end plugs around the uranium alloy 
core; welding seams of all cladding components 
with a protective atmosphere at all component 
mating interfaces; evacuating all gas from the 
clad-to-core interface; and sealing the assem- 
bly in vacuum subsequent to subjecting it to 
the usual fabrication cycle. 

To obtain reproducible and sound bonds, ura- 
nium alloy core and cladding components were 
carefully cleaned to obtain a bonding surface 
free from contamination, such as inclusions, 
oxides, or other foreign material. The impor- 
tance of proper surface preparation of Zircaloy 
on the integrity of the bond obtained in clad fuel 
elements is emphasized by Argonne'® and Bat- 
telle.' Careful cleaning of the EBWR plates 
prior to cladding was followed by suitable 
handling to prevent recontamination of the 
cleaned surfaces. To produce integrally roll- 
bonded end closures, it was necessary to orient 
the billet end plugs so the prior hot-worked 
anisotropy of the Zircaloy-2 would increase the 
lateral spread of the end plugs and facilitate 
the bonding of the end plugs to the side plates 
during roll-bonding. 

Cladding of EBWR fuel plates by other rolling 
techniques was also investigated.'* Sound clad- 
to-core bonds were obtained on round rods by 
rolling in hand round-shaped rolls; however, 
the problems of cladding thickness variation 
and end closure of the fuel elements during 
subsequent reduction to the final fuel element 
remained unsolved. 

Selection of a fabrication-temperature range 
for the roll-cladding of uranium alloy fuel ele- 
ments can be based on hot-hardness values.'*@ 
Hot-hardness values can be used to establish a 
temperature range where the deformation char- 
acteristics of the core and cladding are the 
most evenly matched. 

Metals and Controls Nuclear Company fabri- 
cated plates for BORAX-III, consisting of 12 and 
19 wt.% enriched uranium-aluminum core clad 
with type 1100 aluminum, by hot roll-bonding.'® 
Techniques used to prepare these plates were 
similar to those developed at Oak Ridge.'® Ap- 
proximately 2650 fuel plates were examined 


for rejects and 473 were rejected; most of 
them were rejected for embedded matter and 
heavy scratches in the cladding."® 
Workers at Oak Ridge®® have been investi- 
gating the possible fabrication of uranium- 
aluminum fuel elements with considerably higher 
loadings of uranium. Cladding of a rather brit- 
tle and high-strength core alloy, such as 48 
wt.% uranium-aluminum, with a ductile, low- 
strength type 1100 aluminum cladding presents 
a major problem in the form of “dog boning’’ as 
a result of the differences in yield strengths 
encountered at the fabrication temperature. 
This end-effect problem was substantially re- 
duced by employing a bimetallic cover plate of 
aluminum-clad 6061 alloy, which more nearly 
matches the fabrication properties of the core 
alloy at the roll-cladding temperature. 
(E. S. Hodge) 


Pressure Bonding 


The method used to prepare the surfaces of 
the components for pressure bonding has a 
significant influence on the resultant bond qual- 
ity. This has been clearly demonstrated for 
Zircaloy (Refs. 2, 17a, and 21-23). Bonding 
studies have been made using Zircaloy surface- 
finished by pickling, belt abrading, machining, 
shot peening, grit blasting, and cold rolling. 
Many of the bonded specimens possessed a bond 
with incomplete grain growth across the inter- 
face and heavy bond-line contamination. The 
best results were obtained with machined or 
belt-abraded material. The bonds obtained with 
the machined surfaces were inconsistent, most 
likely reflecting sensitivity to differences in 
machine practice. 

Experimental studies utilizing cold and hot 
hydrostatic pressing for the bonding of complex 
shapes and the cladding of various fuel-element 
systems are being conducted by Sylvania.” 
These studies also include evaluation of in- 
sulating materials and general development of 
gas-pressure bonding equipment. A cold-wall 
autoclave has been successfully operated at 
2000°F with a gas pressure of 14,000 psi. 

The gas-pressure bonding technique is being 
investigated for the cladding of natural uranium 
flat-plate elements. The uranium is coated with 
evaporated nickel to protect the uranium and 
enhance diffusion with the aluminum cladding 
during the bonding operation. The optimum 
bonding conditions for subscale specimens con- 
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sisted of pressure bonding at 975°F for 30 min 
with a gas pressure of 5000 psi. The lower 
temperature limit for consistent bonding was 
932°F. 

Battelle?»?!~*3 is investigating the use of gas- 
pressure bonding. Specimens prepared by gas- 
pressure bonding 5 min at 950°F with 10,000 
psi of gas pressure possessed sound metal- 
lurgical bonds. A rupture stress of 20,000 psi 
was obtained in a tension test for specimens 
prepared by welding studs to the aluminum 
cladding. Pressure-bonded specimens were 
also subjected to a heat-treatment at 950°F for 
20 min, followed by a water quench, with no 
deleterious effect on the bond. 

Bettis*®** has reported a bonding technique 
for the preparation of Zircaloy-clad flat-plate 
compartmented uranium dioxide fuel elements. 
The Zircaloy components plated with chromium, 
nickel, or iron are assembled and sealed by 
edge welding. The sealed elements are bonded 
by a diffusion-brazing operation, consisting of 


. heat-treatment at 1830°F, combined with the 


application of a slight external die or gas pres- 
sure. Battelle’*'~* has been investigating a 
solid-state gas-pressure bonding technique for 
the preparation of these fuel elements. The 
components are assembled into a metallic 
envelope which is evacuated, sealed, and then 
pressure-bonded in an autoclave. A bonding 
cycle consisting of a 4-hr treatment at 1500°F 
and 10,000 psi gas pressure has been used. 
The best results have been obtained with Zir- 
caloy surfaces prepared by a belt-abrading 
technique. Chromium, nickel, and iron appear 
promising as barrier materials to prevent 
reaction between the Zircaloy and UO,. A low- 
temperature pressure-bonding treatment, fol- 
lowed by a short-time anneal at 1850°F, is 
also being investigated. A lower pressure- 
bonding temperature will minimize the core- 
to-cladding reaction. The subsequent 1850°F 
heat-treatment is for improvement of the bond 
quality, and it has been observed that grain 
growth across the bond interface is promoted 
by heat-treatment through a phase transforma- 
tion. 

The use of a gas-pressure bonding technique 
for the cladding of delta-phase zirconium hy- 
dride (ZrH, 4,-ZrH, 9) with stainless steel has 
been reported by Battelle.*" The best bonds 
were obtained when the hydride was bonded 
directly to type 304 or 347 stainless-steel 
cladding. Good results were obtained by hold- 
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ing the assembly at 1600°F for several hours, 
subsequent to bonding at 1900°F for 1 to 2 hr 
at a gas pressure of 10,000 psi. The bond 
interface was strong and possessed none of the 
brittle eutectic phases encountered in the bond- 
ing of stainless steel to zirconium. 

A fundamental study of bonding is also being 
conducted.’»”? The rate of bond growth between 
a gold needle point and gold flat plate has been 
determined. An interesting observation of this 
study is the growth of a bond interface with no 
apparent evidence of grain recrystallization. 

(S. J. Paprocki) 


Coextrusion 


The technique of multitemperature extrusion 
cladding is being investigated where there is a 
wide difference in the stiffness between the 
cladding and core materials. By this technique 
the stiffnesses of the two materials are matched 
by maintaining a different temperature in each 
during the extrusion process. Nuclear Metals 
is conducting experiments with beryllium-clad 
uranium’®.*®-3! and stainless-steel-clad ura- 
nium fuel elements using the multitemperature 
process.’ No conclusive results have been ob- 
tained from these experiments. Also being 
investigated are the variables affecting the 
multitemperature process, using various nickel - 
copper alloys as cladding and core materials. 
Methods of achieving the cladding-to-core dual 
temperature for this investigation will be tried 
as follows: 

1. The cladding and core are heated sepa- 
rately, assembled rapidly, and extruded. 

2. An assembly, sealed billet with a vacuum 
space between cladding and core, is heated to 
a uniform low temperature, thrust into an 
elevated temperature furnace to heat only the 
cladding, and finally extruded. 

3. A billet identical to that in method 2 is 
uniformly heated to a low temperature, thrust 
into a close-fitting sleeve of low carbon steel 
at an elevated temperature, and bath extruded. 
The carbon steel is later removed by pickling. 


Basic coextrusion studies are being carried 
out to investigate the tandem extrusion proc- 
ess.**.°3 The scope of the work includes ex- 
tending the range of preshaped cone angles (to 
25 deg) and extrusion ratios (to as high as 
possible) in studies with antimonial lead. In 
addition, the process of clad tandem extrusion 
is being investigated using Plasticene. A mo- 
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tion picture was made during previous studies 
entitled, “Interface Flow in Plasticene Extru- 
sion,’’ in which formation of “dogbones,”’ voids, 
“slippage,’’ and defects were observed through 
the glass-windowed extrusion press.* 

It appears that solutions have been found for 
most of the problems involved in the coextrud- 
ing of zirconium or Zircaloy-clad uranium and 
uranium alloy fuel elements in both rod and 
tube shape having integral zirconium or Zir- 
caloy end seals.''©:*! Some problems still re- 
main concerning heat-treatment of the cladding 
and core, improvement of the extruded sur- 
faces, and elimination of the shift defect, 
described as a nonsymmetrical flow pattern 
around the extrusion axis at the core-to-end 
seal junction. 

The British have reported that preliminary 
studies on the extrusion and hot forging of 
beryllium containing dispersed UBe,,; and ThBe,, 
are being conducted.** Coextrusion has been 
proven a feasible process for consolidating the 
dispersion and integrally bonding a beryllium 
sheath to the core. 

The feasibility of coextruding dispersed fuel 
elements was demonstrated by a series of ex- 
periments on extruding 30 wt.% uranium- 
aluminum power-metallurgy tubes clad inter- 
nally with aluminum.''® It is pointed out that 
the use of powders permits precise control of 
the core structures, avoids machining opera- 
tions, and permits tolerances that are altogether 
satisfactory. (C. B. Boyer) 


Extrusion Cladding 


Several recent developments at Chalk River'"4 
have been reported. Strengths of aluminum and 
nickel-plated uranium bonds were found to be 
higher and more uniform than those of aluminum 
and unplated uranium bonds. In both cases, 
however, the sheath was in good sonic contact 
with the fuel element. To achieve satisfactory 
bonding, the maximum core preheat tempera- 
tures for nickel-plated and bare uranium were 
found to be 300 to 325°C and 200°C, respec- 
tively. Also, it was found important to heat and 
clad the cores in a controlled inert atmosphere. 
_ A new core feed mechanism was developed 
which provided means to preheat the fuel ele- 
ments to the proper temperature in about 1 min. 
This was accomplished by passing a heavy 
current through the core, which is clamped be- 
tween two copper electrodes. The short heating 


time permits the moving components of the 
mechanism to be operated at a relatively low 
temperature. 

Both nickel-plated and bare uranium fuel 
elements sheathed in aluminum were reported 
to have.,been successfully tested under irradia- 
tion. There was no evidence of poor thermal! 
transmission through the uranium-aluminum 
interface under the test conditions of 47 watts/ 
cm.” 

For production reasons Chalk River also 
found that it was preferable to extrude an 
oversize sheath about 10u mils thick and then 
machine it to the required thickness of about 
25 mils. The dies used to extrude an over- 
sized sheath were made with longer bearings 
than the dies for on-size extrusions. Also, a 
wider gap between the die face and the guide 
(mandrel) was used when extruding oversize 
sheaths. This was necessary to retain the high 
interfacial pressure required for good bonding 
and to obtain adequate filling of the end straps. 

Some additional work with the “right-angle’’ 
extrusion cladding equipment was reported by 
Battelle.”»*'~*5 It is referred to as right-angle 
equipment because the extrusion ram moves 
perpendicularly to the fuel element during 
cladding, as contrasted tothe “coaxial’’ method, 
where the ram is concentric with the fuel 
element. 

Claddings of 30 mils were applied success- 
fully to flat uranium plates. However, the M-355 
aluminum alloy (~18 wt.% Al,O;) end plugs that 
connected the plates tended to crack or, in 
some cases, rupture completely. Claddings of 
20 mils were applied satisfactorily to 10-ft 
lengths of steel, but only 1 to 2-ft sections of 
uranium plate could be clad without rupture. 
These failures and those in the M-355 end 
plugs were attributed to edgewise cocking and 
binding of the core in the mandrel slot. Ap- 
parently, the cocking was caused by the un- 
balanced forces exerted by the aluminum flow- 
ing from the portholes in the mandrel. Some 
improvement in the flow was obtained by adjust- 
ing the size of the portholes. However, addi- 
tional modification of the mandrel would be 
necessary for optimum results. 


(R. J. Fiorentino) 


Vapor-deposited Coatings 
Coating of SiC substrates with SiC from 


mixtures of CH, and SiC at elevated tem- 
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peratures is described by Sylvania**~® in con- 
nection with the development of a high-tempera- 
ture ceramic fuel element. Variations of 
stoichiometry and deposition conditions did not 
eliminate second-phase carbon from the deposit. 
Research along this line was discontinued in 
March 1957." 

At Battelle molybdenum coating of hydrided 
zirconium, by hydrogen reduction of MoCl, ina 
fluidized bed of alundum sand, was partially 
successful in improving adherence by almost 
eliminating the powdery layer that formed at 
the interface in prior work. This technique was 
not fully explored since a change of emphasis 
required the coating of several specimens of 
type 446 stainless steel with 10 to 20 mils of 
molybdenum by hydrogen reduction of the chlo- 
ride.” 

A technique was developed” for the vapor 
deposition of molybdenum on the outside of 
type 304 stainless-steel tubes, 0.1835 in. in 
outside diameter and 20 in. long, by hydrogen 
reduction of the chloride or thermal decompo- 
sition of the carbonyl. The inside bores were 
coated with uniform adherent deposits of niobium 
by hydrogen reduction of the pentachloride at 
reduced pressures. 


Chemical Displacement Coatings 


The chemical displacement coating of zir- 
conium and Zircaloy-2 with copper, iron, nickel, 
silver, and tin is being investigated at Bettis.*° 
Adherent 0.5-mil coatings of nickel were ob- 
tained from a boiling aqueous bath of the fol- 
lowing composition: 


H,O 1 liter 
NiCl,°6H,O 50 g 
Sodium acetate 10g 
45% HF 6 cm’ 


Up to 60 per cent of the contained nickel can be 
used before the bath deteriorates. Zircaloy-2 
structures up to 3 ftin length were satisfactorily 
coated in type 304 stainless-steel tanks. The 
nickel coatings can be used as (1) barriers for 
shielding from fission recoils, (2) diffusion 
barriers for clad elements, and (3) flash coat- 
ings for subsequent coating by other methods. 

Coatings of metals other than nickel from 
similar baths were not so satisfactory from the 


' standpoint of adherence and porosity. 


(J. M. Blocher, Jr.) 
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Ceramic Coatings 


In the coating of uranium slugs at Hanford, 
reported by Shannon,“ a porcelain enamel type 
of coating was used that was developed at 
Knolls; some changes were made in the Knolls 
application technique. The coatings were fired 
in CO, instead of an air atmosphere. Best re- 
sults were obtained when the furnace was 
maintained at a temperature of 1050°C, but, as 
short firing periods were used (~ 2'4 min), the 
slugs probably never reached the furnace tem- 
perature. Coatings 1 mil thick were not attacked 
appreciably by immersion in boiling water for 
four days but were rapidly dissolved in a steam 
autoclave at 130°C. Two suggested uses for 
such coatings on uranium are (1) asasecondary 
corrosion barrier on the uranium inside a 
protective metal can and (2) as the primary 
protection for uranium in organic-cooled re- 
actors. (B. W. King) 


Welding and Brazing 


A new joint technique for the fabrication of 
fuel plates is being developed at Knolls. Re- 
sistance seam-welding equipment is used to 
bond fuel-plate assemblies of approximate final 
dimensions. Complete welding is not accom- 
plished in this equipment; a diffusion heat- 
treatment is used to obtain complete bonding. 
The process is attractive from an economic 
standpoint since there is little deformation in- 
volved. Thus rejection of plates for dimen- 
sional inaccuracy should be minimized. 

An extensive study of Zircaloy welding by 
Johnson and Schaaf of Westinghouse“ indicated 
that control of the interpass temperature re- 
duced undesirable metallurgical effects in multi- 
pass weldments. This was demonstrated by a 
32-pass experimental weldment which gave 
100 per cent joint efficiency with very slight 
loss of ductility and no decrease in corrosion 
resistance. 

Some studies of the welding of materials 
potentially useful for core construction in vari- 
ous high-temperature reactors are being made 
at Oak Ridge, Westinghouse, and Battelle. Oak 
Ridge*’ examined the weldability of nickel- 
molybdenum alloys (designated INOR-8, with a 
nominal composition of 17 wt.% molybdenum, 
7 wt.% chromium, 5 wt.% iron, balance nickel). 
Although a laboratory heat of this material was 
completely weldable and had satisfactory me- 
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chanical properties in the as-welded and aged 
conditions, difficulties with both weld- and 
base-metal cracking were encountered in a 
larger heat made commercially. Differences 
in melting practice were suspected of causing 
these contrasting results. 

Westinghouse“® has studied the welding of 
niobium in an Air Force program. Powder- 
metallurgy niobium was subjected to nitrogen 
and oxygen contamination during welding. As 
would be expected, weld hardness and ductility 
were affected adversely, with nitrogen producing 
a much more drastic effect than oxygen. No 
mention of the presence or absence of porosity 
was made, although previous investigations 
have shown that gross porosity may occur in 
niobium welds. 

Battelle*® is working on the ultrasonic weld- 
ing of dissimilar metal joints between molybde- 
num and stainless steel, niobium and Inconel, 
and similar combinations. The initial work was 
devoted to studies aimed at obtaining basic in- 
formation on the mechanism of ultrasonic weld- 
ing. (R. E. Monroe) 


Nondestructive Testing 


Many applications of ultrasonic techniques to 
the inspection of materials and finished ele- 
ments are reported. A discriminator amplifier 
is being included in the circuit of the Knolls 
immersion ultrasonic bond-inspection equip- 
ment to enable it to differentiate between 
mechanical and metallurgical bonding in clad 
fuel elements. No performance details are 
available at this time. Bettis is developing an 
ultrasonic test for Zircaloy ingots to locate and 
identify porosity and inclusions. Argonne’ is 
also using an ultrasonic test on cast uranium 
to determine shrink and porosity. 

Argonne’ has developed a dual-channel selec- 
tive eddy-current system to measure the thick- 
ness of one metal clad on another. The method 
appears to have some advantages over other 
nondestructive methods of measuring cladding 
thickness It also permits better detection of 
subsurface voids because the instrument com- 
pensates for surface conditions. Also being 
investigated is the possible use of eddy currents 
to measure the amount of cold work in nickel. 
Results to date are encouraging. The method 
may possibly be extended to steels. Eddy- 
current techniques are being used successfully 


at Chalk River®® to determine the eccentricity 
of aluminum cladding on extruded fuel elements. 
Du Pont*! has developed eddy-current equipment 
capable of detecting small aluminum-silicon 
spikes in the jacket of fuel slugs. 


Battelle”® has developed an X-ray photometer 
to examine fuel plates for microsegregation. 
The apparatus was tested on auranium—10 wt. 
niobium filler plate, and a change in thickness 
of ~ 0.2 mil could be detected. This is equiva- 
lent to a change in uranium concentration of 
~0.3 wt.%. At Hanford™ a collimated ribbon- 
like beam of rays, projected as a chord through 
fuel slugs, is used to detect dangerous aluminum- 
Silicon penetrations in the aluminum cladding. 
To check the soundness of hollow billets of fuel 
alloys, Du Pont developed a radiographic tech- 
nique in which X rays from an external source 
are collimated by a linear slit to produce an 
image on film that is inserted inside the billet. 
Special cylindrical film cassettes were con- 
structed for this purpose. 


North American Aviation, Inc.,** had diffi- 
culty in applying the usual heat transfer, eddy- 
current, and ultrasonic techniques in testing 
the core-to-cladding bonding in the Organic 
Moderated Reactor Experiment (OMRE) fuel 
elements because of the very thin (1 mil thick) 
cladding. They finally used the blister-anneal 
test, in which unbonded areas form visible 
blisters when heated to high temperatures. 

The electrical potential method was evaluated 
at Battelle. When applied to welded joints of 
somewhat irregular geometry, the method will 
detect actual weld separations or flaws larger 
than 0.025 in. 


A unique nondestructive test method is the 
subject of a British patent.“ An alternating 
homogeneous magnetic field is established in 
the article under test. A probe element is 
aligned adjacent to the article until zero output 
current is indicated in the probe. As the article 
is scanned, any output of current in the probe 
indicates the size and location of flaws or 
voids. 

The fabrication of fuel elements with con- 
trolled built-in defects to calibrate nondestruc- 
tive testing equipment continues to be a problem. 
Knolls has selected elements with nondestruc- 
tively and destructively measured defects to 
use as calibration standards. These elements 
will be used to establish exactly the size and 
nature of the defects that the nondestructive 
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tests on subsequent elements are expected to 


reveal. 


(C. V. Weaver and W. H. Goldthwaite) 
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